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ETUDES REALISEES AU COURS DE LA THESE 107
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Etude 2 : Modélisation de la réponse à l’entrainement en résistance dans une 






Etude 3 : La réponse musculaire à l’entraînement en résistance s’exprime 
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ETAT DE LA 
LITTERATURE 
La nature ne fait rien sans objet 
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- CHAPITRE 1 - 
MODELISATION DES EFFETS DE 
L’ENTRAINEMENT 
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Principe : La théorie des systèmes 
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1. Quantification des charges et performance 
1.1 Quantification de l’entrainement  
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1.2. Quantification de la performance 
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2. Des modèles théoriques aux modèles physiologiques 
2.1. Modèle de Banister 
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2.2. Les modèles à paramètres variables 
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2.3. Evolutions vers des modèles physiologiques 
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3. Validité des modèles 
3.1. Ajustement des paramètres du modèle 
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Intérêt et paramétrage 
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Application à la modélisation de l’effet de l’entrainement sur la performance 
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3.2. Légitimité des modèles à complexité croissante : Le gain de variance 
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4. Apport de la modélisation dans le domaine de l’entraînement et de la 
physiologie 
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4.1. Optimisation de la performance 
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Recueil des données 
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- CHAPITRE 2 - 
 






1. Contraction musculaire et ATP : Un cycle en mouvement 
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1.1. La relation structure - fonction du muscle squelettique 
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1.1.2.1. Une structure hautement organisée 
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Les filaments fins aux rayons X 
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1.1.2.3. La myosine et ses filaments épais 
O'&" 4205'&').23" '($4" *7'4%)3$A" *'" 0=2.)3$" $.%" 93$" 5&2%1)3$" 02%&)4$" :9)" 5&1.$3%$" +$"
320W&$9.$." ).262&0$.;" Y'3." *'" 4$**9*$" $94'&=2%$A" .'" .95$&6'0)**$" 42052&%$" 5*9." +$" NI"
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*7l90')3"Dp+&23)%c"u"d2**0'&A"BMMHJ;"e**$"$.%")05*):91$"+'3."+)($&."5&24$..9."4200$"*$"
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TUO'.):9$A"5&1.$3%$"'9"3)($'9"+$".23"+20')3$"4'%'*=%):9$;"<$."0=2.)3$."52..-+$3%"93$"29"
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Le fragment S1 
<$" 6&'?0$3%" \FA" 5'&%)$" 02%&)4$" +$" *'" 0=2.)3$A" '" 1%1" 4&).%'**).1" 529&" *'" 5&$0)-&$" 62)." 5'&"
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\59+)4,A" FGGCJ;" <'" %Z%$" 423%)$3%" *'" 524,$" +$" 6)X'%)23" +$." 394*12%)+$." DTUO" $%" TYOJ" :9)"
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Figure 14"`" \%&94%9&$" 4&).%'**)3$" +9" 6&'?0$3%" \F" +$" *'" 0=2.)3$" !!;" <'" 4,'83$" *29&+$" +$"
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Le lever arm 
<$"*$($&"'&0"$.%"93$" *23?9$"&1?)23"+$" *'"4,'83$" *29&+$".%&94%9&1$"$3",1*)4$"":9)"5&1.$3%$"
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Figure 15"`" e%'%." .%&94%9&$*." 42339." +$" *'" 0=2.)3$" +'3." *$" 4=4*$" 014'32^4,)0):9$;"
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320W&$9.$."1%9+$."23%" 1%1"2&)$3%1$." .9&" *$" &S*$"+$."+20')3$." )3%$&^02%$9&."+$" *'"0=2.)3$"
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1.1.3.1. L’interface actine-myosine, des moteurs en action 
s&@4$" /" 93$" 1(2*9%)23" &14$3%$" +$." 01%,2+$." +$" +)66&'4%)23" '9X" &'=23.^" +$" *'" 0=2.)3$"
DK'=0$3%" et al.A" FGGNWr" s$$($." u" l2*0$.A" FGGGr" l29+9..$" u" \a$$3$=A" BMMFJ" $%" +$" *'"





[3$" 1%9+$" 4205'&'%)($" $3%&$" *$."01%,2+$."+7'3'*=.$"+$" *'" 423%&'4%)23" $3"02%)*)%1" in vitro"
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)3+9)%"93$"+)0)39%)23"+$"*'"62&4$"+1($*2551$"5'&"*$."6)W&$."0')."5'."$3"!o_T"D\9?)"et al.A"
IG"
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"
Une interaction régulée par les chaînes légères 
<$." _<#" .23%" 42339$." 529&" 02+9*$&" *'" 42362&0'%)23" +$." 0=2.)3$." 09.49*')&$.;" [3$"
5,2.5,2&=*'%)23"+$."K<#"5'&"*'"_<#"b)3'.$"+15$3+'3%$"+9"4'*4)90"D_<#dJ"5&2(2:9$"93$"
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?131&'*$" $.%" :9$" *'" 5,2.5,2&=*'%)23" +$." K<#" .%'W)*).$" *$" *$($&" '&0" +'3." 93$" 52.)%)23"
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Dd'0529&'b)." u" !&()3?A" BMFIJ;" T9" .$)3" +9" 09.4*$" .%&)1" .:9$*$%%):9$A" 93" %$*" 1%'%" +$"
5,2.5,2&=*'%)23" )3+9)%" 93$" '9?0$3%'%)23" +$" *'" ()%$..$" +$" &$+1($*255$0$3%" +$" *'" 62&4$" /"
6')W*$." 4234$3%&'%)23." 4'*4):9$." .$9*$0$3%" D_$%c?$&A"s&$'.$&A"u"_2..A" FGnGJ;"#$5$3+'3%A"
93$"1%9+$"&14$3%$"&1'*).1$".9&"0=26)W&)**$"023%&$":9$"*'"5,2.5,2&=*'%)23"+$."K<#"37'9&')%"
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DO&24,3)$a)4cA" s9,'%,'b9&%'A" u" U,20'.A" BMFNJ;" <$." ()%$..$." 0'X)0'*$." +$"
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Le lever arm dans tous ses états 
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1.1.3.2. Evolution du paradigme : attention au phosphate ! 
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Phosphate et génération de force 
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Phosphate et powerstroke 
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1.2.2.1. Une méthode pointilleuse 
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Le burst exponentiel 
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L’état stationnaire rapide 
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L’état stationnaire lent 
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2. Entraînement en résistance, prenez la force du bon côté 
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2.1. Les modèles d’entraînement en résistance chez le rat 
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Ténotomie des synergistes 
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Restriction chronique de l’afflux sanguin aux muscles 
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Extension plantaire, haltérophilie et squat 
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2.2. La plasticité des fibres musculaires 
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Définitions et mécanismes 
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La restriction de l’afflux sanguin permet de maintenir une hypertrophie tout en diminuant 
l’intensité de l’entraînement 
Y'3."4$&%')3$.".)%9'%)23.A"*7$3%&'83$0$3%"/"4,'&?$"%&-."1*$(1$"$.%"+1423.$)**1;"Y'3."*$"4'+&$"
+$"*'"&1,'W)*)%'%)23"5'&"$X$05*$A"*$".9]$%"+2)%"$66$4%9$&"+$."$X$&4)4$."/"4,'&?$."02+1&1$.A"$%"
*$." '44&28%&$" 5&2?&$..)($0$3%A" '6)3" +$" 3$" 5'." +15'..$&" *$." 423%&')3%$." 014'3):9$."
'44$5%'W*$."529&" *$."4,'83$."09.49*')&$."$3"429&."+$"&$423+)%)233$0$3%;"T6)3"+$"6'(2&).$&"
*7,=5$&%&25,)$A" 29" 0Z0$" +$" *)0)%$&" *'" 5$&%$" +$" 52)+." $%" +$" 62&4$A" 93$" 420W)3').23"
+7$X$&4)4$." $3" &1.).%'34$" /" 4,'&?$." 02+1&1$." $%" +$" *)0)%'%)23" +9" &$%29&" ($)3$9X" 5$9%"
423.%)%9$&" 93" W23" 4205&20).;" Y$" 320W&$9.$." 1%9+$." &14$3%$." 23%" 023%&1" :9793"
$3%&'83$0$3%" $3" &1.).%'34$" /" 6')W*$" 4,'&?$" DBM^IMR"+$" *'" 4,'&?$"0'X)0'*$J" '..24)1" /"93$"
244*9.)23"+9" &$%29&" ($)3$9X"+793$"5&$..)23" 4205&).$" $3%&$" FFM" $%" BMM"00l?"+1%$&0)3')%"
93$" ,=5$&%&25,)$" .)0)*')&$" /" 93" $X$&4)4$" /" 4,'&?$." 1*$(1$." $%" .'3." 244*9.)23;"U'b'&'+'" $%"
42**'W2&'%$9&." 23%" 023%&1" :9$" *7$3%&'83$0$3%" $3" &1.).%'34$" &1'*).1" /" 4,'&?$" )3%$&01+)')&$"
DIMR" 29" 02)3." +$" *'" 4,'&?$" 0'X)0'*$J" '..24)1" /" *7244*9.)23" ($)3$9.$" )3+9).')%" 93$"
,=5$&%&25,)$".951&)$9&$"/"4$**$"*)1$"/"*7$3%&'83$0$3%".$9*"&1'*).1"/"6')W*$"4,'&?$"DU'b'&'+'A"
\'%2A"u"!.,))A"BMMBJ"$%".)0)*')&$"/"4$**$"*)1$"/"*7$3%&'83$0$3%".$9*"/"4,'&?$"1*$(1$"D"HMR"+$"
*'" 4,'&?$"0'X)0'*$J" DU'b'&'+'"et al.A" BMMMJ;"#$." &1.9*%'%." 23%" 1%1" 4236)&01." 5'&" t'&95" $%"
42**'W2&'%$9&." $3" BMFI" :9)" 023%&$3%" +$." &1.9*%'%." .)0)*')&$." $3%&$" *$." B" 5&2%242*$."
D$3%&'83$0$3%"$3"&1.).%'34$"/"4,'&?$."1*$(1$"vs."$3%&'83$0$3%"$3"&1.).%'34$"/"4,'&?$"6')W*$"Q"
244*9.)23" ($)3$9.$J" %$.%1." &$.5$4%)($0$3%" .9&" *$." ]'0W$." +&2)%$" $%" ?'94,$" +$" 4,'493" +$."
.9]$%." Dt'&95" et al.A" BMFIJ;" #$5$3+'3%A" )*" $X).%$" +$." 014'3).0$." +$" 420093)4'%)23A" 3$"
.$&')%^4$":9$"5'&"(2)$",902&'*$"$3%&$"*$."0$0W&$.")361&)$9&."+&2)%."$%"?'94,$.A":9)".$&')$3%"
+$"3'%9&$"/"$X5*):9$&"4$%%$".)0)*'&)%1"+$"&1523.$"$3%&$"*$."+$9X"]'0W$.;"e3"$66$%A"*2&.:9$"*723"
.2**)4)%$"93"0$0W&$"('*)+$"'*2&.":9$" *7'9%&$"$.%"5*@%&1" D29" .)05*$0$3%" )002W)*).1"5'&"93$"





<'" &$.%&)4%)23" +$" *7'552&%" .'3?9)3" 420W)31$" 93" $X$&4)4$" $3" &1.).%'34$" /" 4,'&?$" 02+1&1$"
.$0W*$" 6'(2&).$&" *7,=5$&%&25,)$;"<$."014'3).0$." )05*):91." .23%" *)1." /"93$"'4%)('%)23"5*9."
)3%$3.$"+$." 6)W&$."09.49*')&$." 5'&" *$."02%23$9&23$." Dq'.9+'"et al.A" BMMGJA" *7'4%)('%)23"+9"
4205*$X$" 0UpK#F" $%" +$" *'" .=3%,-.$" 5&2%1):9$" Dt&=" et al.A" BMFMJ" 29" *'" 5&2*)61&'%)23" +$"
4$**9*$." .294,$." :9)" 5$&0$%%$3%" *7']29%" +$" 329($'9X" 32='9X" +'3." *$." 4$**9*$."09.49*')&$."
Dg)$*.$3" et al.A" BMFBJ;"#$%%$"01%,2+$" 420W)31$" 5$&0$%%&')%" .9&%29%" +$" 529(2)&" &1'*).$&" 93"
$X$&4)4$"/"4,'&?$"02+1&1$"%29%"$3")3+9).'3%"+$."?')3."+$"0'..$".)0)*')&$."/"*7$3%&'83$0$3%"
+$" &1.).%'34$" %&'+)%)233$*" &1'*).1" /" 4,'&?$" 1*$(1$;"#$*'" 529&&')%" Z%&$" 93$" .2*9%)23" 529&" *$."
'%,*-%$." 3$" 529('3%" 5'." .9W)&" +$" %&25" ?&2..$." 423%&')3%$."014'3):9$." 29" *$." 5$&.233$." $3"
&1,'W)*)%'%)23;" [3$" &14$3%$" &$(9$" +$" *'" *)%%1&'%9&$" +1%')**$" *$." +)661&$3%$." 01%,2+$." +$"
&$.%&)4%)23" +$" 6*9X" .'3?9)3" ')3.)" :9$" *$." 5&$..)23." '55*):91$" $%" +).49%$" +$." 1*10$3%." 4*1."
D\42%%"et al.A"BMFIJ;"
"
2.2.1.2. Changement de typologie 
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L’entraînement en résistance détermine l’expression un d’phénotype musculaire 
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Effets de l’entraînement sur V0 et Vf 
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La tension spécifique augmente sous l’effet de l’entraînement 
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2.2.2.3. Adaptations de l’activité ATPasique de la myosine 
Définitions 
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Réponse à l’entraînement en endurance 
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ABSTRACT
Agostinho, MF, Philippe, AG, Marcolino, GS, Pereira, ER, Busso, T,
Candau, RB, and Franchini, E. Perceived training
intensity and performance changes quantification in judo.
J Strength Cond Res 29(6): 1570–1577, 2015—The objective of
this study was to determine the methods of quantification for
training and performance, which would be the most appropriate
for modeling the responses to long-term training in cadet and
junior judo athletes. For this, 10 young male judo athletes
(15.9 6 1.3 years, 64.9 6 10.3 kg, and 170.8 6 5.4 cm) com-
peting at a regional/state level volunteered to take part in this
study. Data were collected during a 2-year training period (i.e.,
702 days) from January 2011 to December 2012. Their mean
training volume was 6.52 6 0.43 hours per week during the
preparatory periods and 4.75 6 0.49 hours per week during
the competitive periods. They followed a training program pre-
scribed by the same coach. The training load (TL) was quantified
through the session rating of perceived exertion (RPE) and ex-
pressed in arbitrary unit (a.u.). Performance was quantified from 5
parameters and divided into 2 categories: performance in com-
petition and performance in training. The evaluation of perfor-
mance in competition was based on the number of points per
level. Performance in training was assessed through 4 different
tests. A physical test battery consisting of a standing long jump, 2
judo-specific tests that were the maximal number of dynamic chin-
up holding the judogi, and the Special Judo Fitness Test was
used. System modeling for describing training adaptations con-
sisted of mathematically relating the TL of the training sessions
(system input) to the change in performance (system output). The
quality of the fit between TL and performance was similar, whether
the TL was computed directly from RPE (R2 = 0.55 6 0.18) or
from the session RPE (R2 = 0.56 6 0.18) and was significant in
8 athletes over 10, excluding the standing jump from the com-
putation of the TL, leading to a simplest method. Thus, this study
represents a first attempt to model TL effects on judo-specific
performance and has shown that the best relationships between
amounts of training and changes in performance were obtained
when training amounts were quantified simply from RPE.
KEY WORDS combat sports, training load, specific tests,
season, rating of perceived exertion
INTRODUCTION
C
ompetitive judo is a grappling combat sport in
which opponents try to throw, imobilize, or sub-
mit (by choke or elbow joint-lock technique) each
other to win the match, demanding a high tech-
nical and tactical development to reach success (18). Because
the match is composed by high-intensity intermittent ac-
tions, with periods of effort near 30 seconds and pauses of
approximately 10 seconds, until the end of the time limit
(3–5 minutes depending on the age category), physical fit-
ness also plays an important role in this sport (15). In gen-
eral, adult judo athletes take part in 7–12 competitions per
year (23), and this model has been introduced to cadet and
junior judo athletes (24), with high-level competitions as
Youth Olympic Games, World, Continental, and National
Championships being part of the competitive season of
young athletes. In high-level judo, hormonal (31) and bio-
chemical control (25) are used to monitor the training
responses. However, the resources—especially concerning
physical testing—for young judo athletes are smaller than for
adult judo athletes. Thus, affordable training monitoring pro-
cedures would help to increase the control of training pre-
scription for these athletes, improving performance and
avoiding problems related to overtraining, injury, and burnout.
Commonly, the use of rating of perceived exertion (RPE)
scales to monitor training responses has gained popularity
among coaches, trainers, and researchers (11). Among many
scales available (11), the approach proposed by Foster et al.
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(12) is one of the most used one in combat sports (21,22,28–
30,32,38,40). Furthermore, specific physical fitness tests are
also recommended to monitor training responses, especially
in complex sports where the measurement during the activ-
ity is difficulty to conduct (2). The most simple and used
specific physical tests to evaluate judo athletes are the Spe-
cial Judo Fitness Test (SJFT) (14,15,35,36) and the dynamic
chin-up holding the judogi (1,16). Both tests seem to dis-
criminate judo athletes from different competitive levels
(16,20) and to demand similar metabolic and fatigue profile
as that observed during the competitive match (16,17,19),
although long-term training monitoring using these tests is
lacking. Lower-body muscle power has also been reported
as important to judo technique execution (43), with vertical
jumping performance being a discriminant variable between
judo athletes from different competitive levels (44).
One important approach to improve the understanding
about training responses and prescription is to model the
training process (9), allowing coaches to make better deci-
sion making about the stimulus needed to increase athletes’
performance. This approach has been used in more con-
trolled aerobic cyclical activities (42), sprint (37), and
strength training (8). Sports involving a high technical com-
ponent, such as artistic gymnastics, were only recently
Figure 1. Tested correlations between performances and training loads. Black lines are the correlations between performances and training load. Gray lines are
the correlations between performances and RPE value. GTP = global training performance; GTPs = simplified global training performance; SJFT index = Special
Judo Fitness Test index; duration is expressed in minutes.




















10 Mean 6 SD
R2GTP/TL 0.79z 0.75z 0.70z 0.66z 0.57z 0.51z 0.48z 0.37 0.35 0.30 0.55 6 0.18
R2GTPs/TL 0.79z 0.76z 0.71z 0.65z 0.56z 0.48z 0.48z 0.36 0.35 0.30 0.54 6 0.18
R2GTP/
RPE
0.80z 0.79z 0.70z 0.67z 0.58z 0.48z 0.47z 0.42z 0.38 0.33 0.56 6 0.18
R2GTPs/
RPE
0.79z 0.79z 0.70z 0.67z 0.58z 0.44z 0.47z 0.41z 0.34 0.26 0.54 6 0.19
R2Points/
RPE
0.04 0.002 0.03 0.01 0.11 0.07 0.05 0.06 0.02 0.13 0.05 6 0.04
R2Points/
TL




0.31 0.01 0.06 0.49 0.33 0.01 0.04 0.25 0.07 0.05 0.10 6 0.12
*GTP = global training performance; TL = training load; RPE = rating of perceived exertion; SJFT index = special judo fitness test
index.











SJFT/RPE have been obtained by computing model 1.
zp # 0.05.
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investigated (33). However, no long-term training modeling
study about combat sports was found. Studies investigating
training modeling in sports with high technical-tactical com-
ponents and dual confrontations are needed to verify the
feasibility of such approach in these sports. Additionally,
the comparison of different quantification procedures of
both training loads (TLs) and performance in combat sports
was not extensively tested. Thus, the objective of this study
was to determine the methods of quantification for training
and performance, which would be the most appropriate for
modeling the responses to long-term training in cadet and
junior judo athletes.
METHODS
Experimental Approach to the Problem
The TL was quantified through the session RPE and
expressed in arbitrary unit (a.u.). Rating of perceived exertion
was measured from the Foster session RPE scale (12), which
was presented to the athletes 30 minutes after each training
session. Training load was calculated from 2 methods, that is,
the product of the duration of the training session in minute
and the RPE value and directly from the RPE value provided
by the Foster scale. This method was previously validated
for combat sports athletes (21,22,28–30,32,40), and the
Portuguese version was already used in combat sports ath-
letes (28,29,32,40).
At the beginning of the general preparatory period, the
10 judo athletes were submitted to technical, randori
(combat simulation), and strength and conditioning train-
ing sessions twice with 1-week interval. Because the train-
ing sessions were identical and had the same duration, we
used the RPE and TL of each type of session to calculate
the reliability of these variables. The following results
were found: (a) technical training session (80-minute
Figure 2. Application of the model on subject 2. A) Modelled (grey line) and actual (black dots) performance in response to training load. B) Evolution of training
load, quantified directly from the RPE value (black bar = session 1; grey bar = session 2) over the 702 days of experiment. RPE = rating of perceived exertion.
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duration)—RPE session 1 = 3.5 6 0.7 a.u.; TL session 1 =
276 6 58 a.u.; RPE session 2 = 4.1 6 1.1 a.u.; TL session
2 = 324 6 85 a.u.; RPE intraclass correlation coefficient
(ICC) = 0.64; RPE limits of agreement = 22.47 to 1.27 (mean
difference =20.60); TL ICC = 0.64; TL limits of agreement =
2197.9 to 101.9 (mean difference =248.0); (b) randori training
session (80-minute duration)—RPE session 1 = 6.5 6 1.0 a.u.;
TL session 1 = 516 6 77 a.u.; RPE session 2 = 6.5 6 1.2 a.u.;
TL session 2 = 5206 100 a.u.; RPE ICC = 0.94; RPE limits of
agreement = 21.15 to 1.05 (mean difference = 0.05);
TL ICC = 0.94; TL limits of agreement =292.0 to 84.0 (mean
difference = 24.0); and (c) strength and conditioning training
session (60-minute duration)—RPE session 1 = 5.2 6 0.8 a.u.;
TL session 1 = 312 6 47 a.u.; RPE session 2 = 4.9 6 0.9 a.u.;
TL session 2 = 294 6 54 a.u.; RPE ICC = 0.79; RPE limits of
agreement = 21.13 to 1.73 (mean difference = 0.30); TL
ICC = 0.79; TL limits of agreement = 267.8 to 103.8 (mean
difference = 18.0). Thus, good reliability values were obtained
using this method in different types of training sessions in
young judo athletes.
Subjects
For the present analysis, 10 young male judo athletes
competing at a regional/state level took part in the study
with mean 6 SD age, body mass, and height of, respectively,
15.9 6 1.3 years, 64.9 6 10.3 kg, and 170.8 6 5.4 cm at the
beginning of the study. Their mean training volume was
6.52 6 0.43 hours per week during the preparatory periods
and 4.75 6 0.49 hours per week during the competitive peri-
ods. Their time of judo practice was 6.06 1.9 years, including
2.7 6 1.1 years registered at the Sa˜o Paulo State Judo Feder-
ation. Data were collected during a 2-year training period
(i.e., 702 days) from January 2011 to December 2012. They
followed a training program prescribed by the same coach.
The athletes and their parents were fully informed and pro-
vided their written consent before entering the investigation.
All procedures were approved by the local Ethics Committee.
Performance Quantification
Performance was quantified from 5 parameters and divided
into 2 categories: performance in competition and perfor-
mance in training. The evaluation of performance in
competition was based on the number of points per level.
This value was specifically given by the coach for each
competition considering the level (departmental, regional,
state) and the number of matches won in each competition.
Briefly, points per match won varied from 4 (regional and
friendly competitions) to 40 points (national competitions).
This was an adaptation of the Cadet and Junior International
Ranking List proposed by the International Judo Federation.
Performance was assessed through 4 different tests.
A physical test battery consisting of a standing long jump,
2 judo-specific tests that were the maximal number of
dynamic chin-up holding the judogi (1,16), the number of
throws in the SJFT (15,35,36), and a specific index devel-
oped for judo (number of throws/[HRmax 2 HRrecovery])
(SJFT index) (15,17,19,35) was used. These tests were per-
formed on Sunday, after a standardized short warm-up.
The standing jump test consisted in 3 trials with at least
1-minute rest in-between. The best value was retained as the
performance criterion. The number of dynamic chin-ups test
from a single maximal execution was considered. The total
number of throws during the 3 sets (A = 15 seconds, B and
C = 30 seconds each, with a 10-second rest between
TABLE 2. Indicators of goodness-of-fit of performance for various system models of training effects.*
Subject N
Model 1 (df = 2) Model 2 (df = 4) R2 gain between model 2 and 1
R2model 1 Adj R2 R2model 2 Adj R2 f-ratio p
1 15 0.79 0.76† 0.82 0.75† 0.833 0.463
2 15 0.79 0.76† 0.79 0.71† 0 1
3 15 0.70 0.65†
4 15 0.67 0.62†
5 15 0.58 0.51† 0.65 0.51† 1.000 0.402
6 15 0.44 0.35† 0.46 0.24 0.185 0.834
7 15 0.47 0.38† 0.77 0.68† 6.522 0.015z
8 15 0.41 0.31† 0.45 0.23 0.364 0.704
9 15 0.34 0.23 0.35 0.09 0.077 0.927
10 15 0.26 0.14 0.44 0.22 1.607 0.248
Mean 6 SD 0.55 6 0.19 0.51 6 0.2 0.59 6 0.19 0.46 6 0.26
*Model 1, model using 1 first-order component; model 2, model using 2 first-order components; N, number of measurements of
performance; Adj R2, adjusted coefficient of determination.
†Significance of the fit: p # 0.05.
zStatistical difference from model 1 components: p # 0.05.
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consecutive sets) of the SJFT was registered from a single
execution. Athletes were familiarized with all procedures,
and these tests were described as highly reliable (10,15,34).
The ICC for the SJFT variables in our laboratory, using
a similar sample, was as follows: throws (0.73), heart rate
(HR) after the test (0.93), HR 1 minute after the test
(0.89), and index (0.89). The chin-up holding the judogi test
had an ICC of 0.98 and limits of agreement of 22.9 to 2.3
repetitions (mean difference of 20.3 repetition). The stand-
ing jump test presents a high ICC (0.95) and low coefficient
of variation (2.4%) (26). We retained 2 combinations of these
tests in the calculation of the training performance, with the
objective to check whether TL would be related better with
3 or 2 tests combination, which would provide the coach the
possibility to use a smaller number of test to monitor the
athletes’ performance. The global training performance
(GTP) was determined as follows:
GTP ¼ ka standing jump
þ kb number of dynamic chin-ups
þ kc total number of throws;
where ka, kb, and kc are the respective weighting coefficients
for each test. The values of these coefficients are 0.05, 0.45,
and 0.50, respectively. They were determined based on time-
motion analysis (27) and physiological analysis (13) of judo
matches, which have a high demand on repeated all-out
efforts as presented in the SJFT, upper-body strength endur-
ance as evaluated by the chin-up dynamic test, and a lower
number of actions involving lower-body muscle power dur-
ing technique application, which was evaluated by the long-
standing jump. For the second combination, simplified GTP
was computed as follows:
GTPs ¼ k number of dynamic chin-ups
þ k total number of throws;
where k is 0.5 dynamic chin-ups and the total number of
throws having an equivalent weighting factor in this
simplified performance criterion.
Mathematical Modeling
System modeling for describing training adaptations con-
sisted of mathematically relating the TL of the training
sessions (system input) to the change in performance
(system output) (Figure 1).
For this study, 1 mathematical model based on only 1 first-
order filter effect of training on performance with an impulse
response k1:e2t=t1 was used (7).
Performance p(t) is obtained by adding the basic level of
performance p0 to the convolution product of training dose
w(t) with the impulse response. The w(t) is considered as
a discrete function, that is, a series of impulse each day, wi at
day i. The convolution product becomes a summation in
which model performance p^
n
on day n is estimated by math-








2ðn2i Þ=t1 : (1)
The 2 parameters of the model were obtained from the
fitting of the measured performances and the modeled ones








with n taking the N values corresponding to the days of
measurement of the measured performances.
Statistical Analyses
Selected data were expressed as mean 6 SD. The goodness
of the fit of performance was assessed with the coefficient of
determination (R2). The statistical significance of the model
fit was tested for each subject by using analysis of variance of
the residuals in accordance with the degree of freedom of
the model (df = 2).
RESULTS
The quality of the fit between TL and performance was
similar, whether the TL was computed directly from RPE or
from the classical method of Foster (i.e., session RPE)
according to which the TL is calculated from the product
of RPE by time of training session. Indeed, R2GTP/TL and
R2GTP/RPE were, respectively, 0.55 6 0.18 and 0.56 6 0.18
and significant in 7 (R2GTP/TL) and 8 (R2GTP/RPE) subjects
over 10 (Table 1).
Concerning the quantification of performance variations,
no significant relation could be successfully established
between the number of points per level in competition and
TL or RPE value (respectively, R2Points/TL and R2Points/RPE;
p. 0.05; Table 1). Thus, we looked for training performance
criteria. Both GTP and GTPs provided good correlations
with RPE because R2GTP/RPE and R2GTPs/RPE were 0.56 6
0.18 and 0.54 6 0.19, respectively (Table 1), excluding the
standing jump from the computation of the TL, leading to
a simplest method. Furthermore, no significant correlation
between SJFT and TL could be evidenced (p . 0.05; Table
1). In this analysis, the optimal combination retained was the
correlation between RPE and GTPs. The typical curve of
correlation between actual and modeled performance in
response to TL is shown in Figure 2.
For the 10 athletes, the variation of the mean TL between
the first and the second year was not significant (p . 0.05),
whereas the GTP increased by 27.09 6 10.7% during the
2 years of the studied period (p , 0.001) (Table 2).
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DISCUSSION
This study is the first attempt to model the training response
of a combat sport. The most important finding of this study
was the significant relationship between TL and perfor-
mance quantification. Surprisingly, (a) the method of Foster
developed (i.e., session RPE) to quantify TLwas less adapted
than the simplest method based only on the scale (i.e., RPE
value) to appreciate the intensity of the training sessions and
(b) the classical SJFT index was less appropriated to describe
the performance variations than the combination of dynamic
chin-up holding the judogi and the number of throws during
the SJFT.
Wallace et al. (41) used, among other methods, the session
RPE to quantify TL and to verify its relationship with per-
formance in runners and observed a correlation of
0.60 6 0.10 between modeled and actual performance. As
a possible explanation for the moderate relationship found,
authors reported that they had observed a poor sensitivity to
small changes in intensity during moderate-to-hard exercise
when using the session RPE scale and recommended the
substitution of the CR-10 scale by a CR-100 or 6–20 RPE
scales as a possible solution to improve the sensibility of TL
quantification. The quantification of the TL by the Borg
scale takes into consideration the difficulty of the training
session by appreciating both its intensity and duration. The
Foster method consisting in multiplying both difficulty and
duration of the daily TL takes into account in reality twice
the duration leading to a minimization of the intensity
impact on the TL. Consequently, the Foster method was
less adapted than the simple quantification by the scale
(i.e., RPE value). Alternative methods based on HR zones
(4) or number of movement repetitions weighted by specific
coefficients (6,33) would be also tested in future studies with
judo athletes.
Otherwise, in this study, the best criteria to quantify
performance would have been to use directly the results in
competition. However, our analysis indicated that the num-
ber of points per level did not constitute a good indicator, as
no significant correlation could be established between this
criterion and the dynamic of TL (Table 1). This result is easily
comprehensible, so far as the level of the opponent was not
included in this performance criterion. Except for the inter-
national level judo athletes who are ranked by the Interna-
tional Judo Federation, following the same criteria, this aspect
is hard to evaluate for other athletes. Alternatively, to consider
the results in competitions, a technically and tactically homo-
geneous group of judo athletes taking part in the same com-
petitions should be analyzed, which is quite difficult to
investigate and control during such a long period. Thus, the
natural alternative solution would have been to use a perfor-
mance criterion included in the training schedule of judo
athletes. The specific test developed for judo, SJFT index,
was the first candidate test. Nevertheless, no significant rela-
tionship has been evidenced between this index and RPE
(p . 0.05; Table 1). Interestingly, better results were obtained
by simplifying this test to the combination of number of
throws to the number of dynamic chin-ups and standing long
jump (i.e., GTP). The best relationship between this global
training test and the dynamic of TL was obtained. Finally, the
simplification of the GTP by excluding the standing long
jump (i.e., GTPs) provided similar results (Table 1).
The practice of judo requires tactical, technical, and
physical development. Modeling training response could
lead to an optimization of the training prescription and can
improve our knowledge on the effects of training on
performance. Nevertheless, the limitations of the modeling
approach need to be taken in consideration. The mean R2
value obtained in this study (0.54 6 0.19; n = 10) could be
compared with the results obtained for swimmers (0.56 6
0.06) (39), reflecting the high degree of complexity of the
judo practice especially as this result was obtained from
a model taking into account 1 transfer function, whereas in
the study on swimmers, the extended model proposed by
Busso (5) was successfully applied because of a greater num-
ber of performance tests (32 6 3.8).
The model proposed by Banister et al. (3) was the most
used one, which includes 2 components: 1 reflecting the
long-term adaptation to training (positive effect as for the
simpler model used in this study) and 1 reflecting the neg-
ative effects of training on performance (i.e., fatigue). We
have unsuccessfully tested the model of Banister on our data.
For example, when using RPE value and GTPs for quanti-
fying the training and the performance, respectively, the fit-
ting was significant in only 4 subjects for the model of
Banister because of the addition of further parameters. It is
noteworthy that the df of this model is 4, whereas the df of
the model used in this study was only 2. The R2 adjusted to
the number of model parameters was lower with the model
of Banister (0.46 6 0.26) than the model with only 1 com-
ponent used in this study (0.51 6 0.2). Furthermore, an
F-test on the decrease in residuals according to the increase
in model parameters (8) showed that the addition of a neg-
ative component in the model gave a significantly better fit
in only 1 subject. It was the reason why we have retained the
model with only 1 component in this study (Table 2).
A possible explanation of the unsuccessful application of
the Banister model could be that the measures of perfor-
mance were to space out. It suggests that for sports involving
a highly complex coordination and both technical and
physical capacities, performance needs to be measured more
frequently if the negative component of training (i.e., fatigue)
wants to be evidenced as it has been shown in the study of
Sanchez et al. (33), where 33 performance measures have
been collected in 3 months in elite gymnasts. Thus, by
including several times a week after the training session
the simple testing procedure including number of throws
and the number of dynamic chin-ups, it would be possible
to reduce the average lapse time between 2 measures of
performance (i.e., 48.5 6 1.7 days in our study).
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The TL stayed significantly constant between the 2 years of
the experiment, suggesting that the perception of the training
session intensity expressed by the RPE was reliable to
estimate TL because all the athletes had the same coach
and a constant training program over the 2 years of the
experiment. However, it is important to emphasize that
the GTP increased by 27.09 6 10.7% during the 2 years of
the studied period. This can be explained by the fact that the
performance test battery is based on both physical and tech-
nical development, especially the number of throws in the
SJFT. Thus, a technical improvement may have resulted in
increased performance independently from the TL. More-
over, the use of the training impulse (TRIMPS) method of
Banister on the whole session including the recovery period
could constitute a solution in so far as the anaerobic compo-
nent that slips from measure of the HR during the exercise
becomes perceptible if the recovery HR is also taken into
account. Nevertheless, the session RPE method for TL quan-
tification can be considered as a good indicator for most of the
athletes, as the TL stayed constant.
The aim of this study was to determine whether the
session RPE training quantification method was appropriate
to modeling the responses to long-term training in cadet and
junior judo athletes. In conclusion, this study has shown that
the best relationships between amounts of training and
changes in performance were obtained when training
amounts were quantified simply from RPE. Furthermore,
best results were obtained when the performance was
quantified using a combined criterion that includes maximal
specific movement repetitions of chin-ups gripping the
judogi and throws during the SJFT, excluding the standing
jump test so far, as including this test in the GTP did not
enhance the correlation coefficient. Based on this prelimi-
nary study, it is now possible to move to a systematic
approach of training response especially with a frequent
monitoring of performance based on simple tests included in
the training program of judo athletes. The goal is to attain
a reliable description of the training process in complex
disciplines such as combat sports to have access to models to
simulate training strategies and to optimize the planning of
future training.
PRACTICAL APPLICATIONS
Proper training monitoring is a key component to under-
stand training adaptation and improve training prescription.
Although judo-specific tests have been developed, the
comprehension of the impact of TL on performance change
in these tests thoroughout the season was not investigated
previously. The results of this study demonstrated that
simply monitoring the RPE can predict more than 50% of
the variance on performance changes in judo-specific tests
(i.e., gripping strength endurance performance and number
of throws during a high-intensity intermittent test). Thus,
coaches should include the monitoring of RPE in each
training session to better understand the variation on
judo-related performance. Additionally, this approach can
be improved over the years and specific decision making
concerning the proper stimulus for each athlete can be
developed, which can guarantee the application of the
individualization training principle.
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(e aim of the present studywas to test whether systemsmodels of training e)ects on performance in athletes can be used to explore
the responses to resistance training in rats. 11 Wistar Han rats (277± 15 g) underwent 4 weeks of resistance training consisting in
climbing a ladder with progressive loads. Training amount and performance were computed from total work and mean power
during each training session. (ree systems models relating performance to cumulated training bouts have been tested: (i) with
a single component for adaptation to training, (ii) with two components to distinguish the adaptation and fatigue produced by
exercise bouts, and (iii) with an additional component to account for training-related changes in exercise-induced fatigue. Model
parameters were ,tted using amixed-e)ectsmodeling approach.(emodel with two components was found to be themost suitable
to analyze the training responses (푅2 = 0.53;푃 < 0.001). In conclusion, the accuracy in quantifying training loads and performance
in a rodent experiment makes it possible to model the responses to resistance training.(is modeling in rodents could be used in
future studies in combination with biological tools for enhancing our understanding of the adaptive processes that occur during
physical training.
1. Introduction
Adaptations to training are related to the amount of work
performed during the exercise sessions. (e sum of these
inputs yields increases and decreases in performance capacity
because both adaptation and fatigue are produced by exercise
bouts. Systems models have been developed to quantify
these antagonistic e)ects of physical exercise on human
performance. In 1975, Banister et al. [1] proposed the ,rst and
most frequently usedmodel, which includes two components
in order to distinguish the adaptations and fatigue that occur
with training. A simplermodel with only one component was
also proposed to analyze the biological responses induced
by endurance training [2]. (e most complex model is an
extension of that proposed by Banister et al., in which the
response to a single exercise depends on past training [3].
Using suchmodels with data from animal experiments would
o)er the opportunity to go beyond the simple quanti,cation
of the relationship between the amount of exercise training
and performance and would thereby improve our knowledge
about the nature of the adaptive processes that take place
during training.
Modeling training e)ects in rodents presents several
advantages over models in athletes. Animal models allow the
measurement of training e)ects for a broad range of training
situations, loads, and intensities, which would be unethical
in athletes. Moreover, the training load and performance
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Table 1: Change in additional loads li'ed by rats during the training
program.
Training sessions Load (% body mass) Mean load ± SD (g)
1 to 5 50 143.8 ± 10.2
6 80 248 ± 20.1
7 and 8 100 312.6 ± 24.6
9 to 13 120 397.1 ± 34.7
14 to 16 130 450.9 ± 37.8
17 and 18 140 497.5 ± 41.6
19 150 539.7 ± 47.6
can be controlled with high precision, especially in the
context of resistance exercise (RE) on a climbing ladder.0is
precision enables researchers to capture small details of the
training process and, ultimately, to optimize the structure
of the model itself. Rodent models authorize greater inva-
siveness, yield more biological information, and therefore
provide greater insight into the adaptive processes that occur
during training, particularly regarding the link between the
adaptive cell mechanisms and training e1ects. In addition,
the animal model could reduce the sources of variability in
response to training compared with a human model. 0e
interindividual variability is naturally decreased in animals
with the same genetic background. Obviously, parameters
external to training (nutrition, sleep quality, fatigue related
to activities other than training, etc.) are controlled in
animals as opposed to humans. 0is homogeneity in the
responses to physical exercise in animals allows us to take
advantage ofmixed-e1ectsmodeling to analyze the responses
of a group of animals, taking interindividual variability into
consideration. When repeated measurements are made on
several related statistical units,mixed-e1ectsmodeling allows
a more robust estimation of model parameters than using
only available individual data [4–6]. 0e single-individual
model has generally been used in human studies, with the
exception of one work in which the mixed-e1ects model was
applied to a group of elite swimmers [7].
Among the training programs, RE is particularly suitable
for animal studies because RE is associated with high gains
in performance, muscle strength, and muscle 2ber cross-
sectional area. RE is characterized by exercise performed
between 60% and 80% of the maximum load, and several
experimentalmodels have been developed to evaluatemuscle
and physical performance in response to RE. In rats, vol-
untary exercise based on ladder climbing activity has been
shown to induce muscle hypertrophy, changes in muscle
typology, and increased force and power output [8]. One of
the 2rst studies using ladder climbing as amodel of resistance
training [9] showed that, a'er 26weeks of resistance training,
the trained rats were able to climb 40 cmwhile carrying up to
140%of their bodymass, without changes in the ratio between
body andmuscle (EDL and soleus) mass, in comparison with
controls. More recently we found that rats could climb 1
meter while carrying 150% of their body mass a'er 4 weeks
of resistance training, in association with hypertrophy of














Figure 1: Schematic representation of the response to 1 unit of
training according to Model-2Comp. Performance results from the
di1erence between two training components. In the casewhere 푘2 is
greater than 푘1, performance decreases 2rst a'er the training bout.
A'erwards, the negative component decreases more quickly than
the positive component, in the case where 푡1 is greater than 푡2,
resulting in performance recovery and peaking when the di1erence
between the negative and positive components is the greatest. 0e
response to a training bout is characterized by 푡푛, the time necessary
to recover initial performance a'er the training session, 푡푔, the time
necessary to reachmaximal performance, and 푝푔, the maximal gain
in performance for 1 training unit.
could li' up to 210% of their body mass. Another study [11]
demonstrated a 287% increase in the maximal amount of
body weight that the animals could carry a'er 8 weeks of
training (3 sessions a week).
REmodel o1ers the opportunity to quantify both training
work and performance in animal with a great accuracy.
0us, the twofold aim of the present study was to (i) test
whether the systems models used to describe the training
response in athletes could be applied in rats and (ii) verify the
applicability of the mixed-e1ects model in animals with the
same genetic background in order to improve the statistical
strength of the training response model.
2. Methods
2.1. Animals and Experimental Design









































Figure 2: Quanti(cation of training (systems input) and performance (systems output). Values are expressed in mean ± SEM. Note that, for
the training input, the variability is very low because the animals had the same age and the same training load calculated as a percentage of
body mass.)us, SEM bars are hardly visible.
2.1.1. Ethics Statement. )is study was approved by the
Committee on the Ethics of Animals Experiment of Langue-
doc Roussillon in accordance with the guidelines from the
French National Research Council for the Care and Use of
Laboratory Animals (permit number: CEEA-LR-1069).
2.1.2. Animal Model. Eight-week-old Wistar Han rats (277 ±
15 g; 푛 = 11) obtained from Charles River Laboratories
(L’Arbresle, Rhoˆne, France) were housed at a constant room
temperature and humidity and maintained in a 12 : 12 h light-
dark cycle. )ey had access to standard rat chow (A04,
Scienti(c Animal Food & Engineering, Augy, France) and
water ad libitum.
2.1.3. Resistance Training Protocol. )e rats underwent 4
weeks of progressive resistance training. )e exercise con-
sisted of climbing a 1-meter-high homemade ladder inclined
at 85∘ ten times. )e ladder was adapted from the apparatus
of Lee et al. [12]. Training sessions were held in the a1ernoon,
(ve times aweek.A cloth bag containingweightswas attached
to the base of the tail with tape. )ree days before training,
the rats were familiarized with the apparatus by climbing
it twice with 50% of body weight. In accordance with the
protocol proposed by Begue et al. [10], the initial weight
attached to the tail was 50% of the rat body weight and was
increased progressively until 150% a1er 4 weeks (Table 1).
Each training session consisted in one set of 10 repetitions
with 2min rest between trials. All rats were able to perform
ten climbs per training session. Rats from the same cage were
trained together. Precisely, rats were placed on a platform on
the top of the ladder and one of them was put on the 2oor
at the base of the ladder. )e working rat quickly joined its
congeners spontaneously.
2.2. Training and Performance Quanti$cation. Training work
(TW in J) was calculated as the potential work developed
during the training sessions:
TW = (푚load +푚rat) ⋅ 푔 ⋅ Δℎ ⋅ 푁, (1)
where mass (푚) is expressed in kg, 푔 is the constant of the
gravity on earth expressed in m⋅s−2, ℎ is the distance climbed
in m, and푁 is the number of repetitions.
Performance was the power output developed during the
full climbing session, computed as the work done against





Each climb generally lasted between 3 and 25 s depending
on the load carried by the rats.
2.3. Modeling of the Training E%ects
2.3.1. Basic Frameworks. Since the original work of Banister
and coworkers [1], systemsmodeling has been used to analyze
the adaptations to physical training in subjects enrolled in
controlled experiments or in athletes in real-life situations
[13, 14].)is approach considers the body as a system whose
output is the performance varying with the amounts of
training ascribed to input. Systems theory allows the analysis
of a dynamical process using abstraction from mathematical
models. A system is characterized by at least one input and
one output, and the system behavior is characterized by a
transfer function 퐻(푡, 휃) relating output at a given time to
previous inputs. Assuming the formulation of the transfer
function, the set of parameters characterizing a subject’s
behavior (noted 휃) is estimated by (tting the model output
to the actual data. )e number of parameters which can
be introduced in the model is limited by the precision of
the data that can be collected to quantify training input
and performance output. An analysis of the goodness-of-
(t is needed to test the statistical signi(cance of the model,
especially to compare models di3ering in complexity, that is,
the number of equations and related parameters giving the
degrees of freedom of the competing models (df).
)e transfer function 퐻(푡, 휃) gives the model perfor-
mance at time 푡 by using the product of convolution as
follows:
푝 (푡) = 푝 (0) + 푤 (푡) ∗ 퐻 (푡, 휃) , (3)
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where 푝(0) is the initial performance and the product of
convolution is de"ned by
푤 (푡) ∗ 퐻 (푡, 휃) = ∫
푡
0
푤 (푠) ⋅ 퐻 (푡 − 푠, 휃) 푑푠. (4)
#e discretization of (2) gives




푤 (푖Δ푡) ⋅ 퐻 ((푛 − 푖)Δ푡, 휃) , (5)
where 푡 = 푛Δ푡 and 푤(0) is assumed to be equal to 0.
Fixing the value of Δ푡 to 1 day led us to consider 푤(푡) as a
discrete function, that is, a series of impulses each day: 푤푖
on day 푖, and the product of convolution as a summation in
which the model performance 푝̂푛 on day 푛 is estimated by
mathematical recursion from the series of 푤푖 before day 푛.
2.3.2. Systems Models. #e most o(en used model initially
proposed by Banister et al. [1] is named Model-2Comp in
the present study (Figure 1). #e system operates in accor-
dance with a transfer function resulting from the di)erence
between two components: one acting positively on perfor-
mance ascribed to training adaptations and the second acting
negatively on performance ascribed to the fatiguing e)ects
of exercise. Responses to training are thus characterized by
the set of model parameters including two gain-terms 푘1 and푘2 and two time constants 휏1 and 휏2.#e equation of Model-
2Comp is








푤푖 ⋅ 푒−(푛−푖)/휏2 . (6)
To assess the statistical signi"cance of Model-2Comp, its
goodness-of-"t was compared with that of a systems model
comprising only one training component (Model-1Comp),
whose equation is




푤푖 ⋅ 푒−(푛−푖)/휏1 . (7)
It was shown that the "tting of performance can be
signi"cantly improved with a model with 푘2 varying over
time in accordance with system input [3]. We tested this
model, noted here as Model-3Comp, whose equation is









(푘 (0) − Δ푘푖2) ⋅ 푤푖 ⋅ 푒−(푛−푖)/휏2
(8)
in which the value of 푘2 at day 푖 is estimated by mathematical
recursion using a "rst-order "lter with a gain term 푘3 and a
time constant 휏3




푤푗 ⋅ 푒−(푖−푗)/휏3 . (9)
























Figure 3: Mean ± SEM of the sum of positive and negative
in4uences of training on performance.
2.3.3. Estimation of Model Parameters and Statistics. #e
parameters for the models were determined by "tting the
model performances to actual performances for the entire
group of rats using a mixed-e)ects model. #is model
incorporated a systematic component for the mean response
of the population and a random component for each animal’s
response around the mean. #e general model included (i)
common time constants: 휏1 for Model-1Comp, 휏1 and 휏2
for Model-2Comp, and 휏1, 휏2, and 휏3 for Model-3Comp;
(ii) a subject-speci"c intercept 푝(0); and (iii) subject-speci"c
multiplying factors for each component: 푘1 for Model-
1Comp, 푘1 and 푘2 forModel-2Comp, and 푘1, 푘2(0), and 푘3 for
Model-3Comp. #e set of model parameters was calculated
to produce the equation that most closely "t the data points.
Using the generalized reduced gradient (GRG) algorithm
in the Excel solver, the parameters were determined by
minimizing the residual sum of squares (RSS) between the








(푝푛푟 − 푝̂푛푟 )2 , (10)
where 푟 is an integer corresponding to each rat (total number
푅 being 11) and 푛 to each day during which performance was
measured (total number being 19 for each rat).푝푛푟 is the actual
performance and 푝̂푛푟 is themodel performance at day 푛 for rat푟.
Indicators of goodness-of-"t were estimated for each
model used in this study. #e Shapiro-Wilk test was used to
check the normality of the distribution of both the training
loads, that is, input of the model, and the performances, that
is, input of the model. #e statistical signi"cance of the "t
was tested by analysis of variance of the RSS in accordance
with the degrees of freedom (df) of eachmodel: 12 forModel-
1Comp, 24 for Model-2Comp, and 36 for Model-3Comp.#e
adjusted coe5cient of determination (Adj.푅2) was computed
to take into account the di)erence in df between the models.
#e mean square error on performance estimation (SE) was
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computed as RSS/(푁−df−1)."e level of con#dence for each
level ofmodel complexity was tested by analysis of variance of
the related decrease in residual variation."e decrease in RSS
explained by the introduction of further model parameters
was tested using the 퐹-ratio test in accordance with the
increase in df as described previously [15]. Data in the text
and Table 1 are expressed as means ± SD and the responses to
training are showed with SEM in Figures 2 and 3.
2.3.4. Modeled Responses to Training. With Model-2Comp,
the time response of performance to a single training bout
was characterized by 푡푛, the time to recover performance, and푡푔, the time to peak performance a'er training completion
[16], computed as
푡푛 = 휏1휏2휏1 − 휏2 ln(
푘2
푘1) , 푡푔 =
휏1휏2
휏1 − 휏2 ln(
휏1푘2
휏2푘1) . (11)
푝푔, the maximal gain in performance for 1 unit of training,
was estimated as
푝푔 = 푘1푒−푡푔/휏1 − 푘2푒−푡푔/휏2 . (12)
To distinguish the short-term negative e)ect of the
training doses from the long-term bene#t, the positive and
negative in*uences of training on performance (ip and
in, resp.) were estimated as described previously [17]. "e
amount of training on day 푖 had an e)ect on performance on
day 푛 quanti#ed by
퐸( 푖푛) = 푘1푤
푖푒−(푛−푖)/휏1 − 푘2푤푖푒−(푛−푖)/휏2 . (13)
"e values of in and ip on day 푛 were estimated from the
sum of in*uences of each past training amount, depending























Figure 2 shows the evolution in training work and per-
formance. Table 2 shows the statistics for the #tting of
performance with the three tested models. Although the
#t was statistically signi#cant for all models, only Model-
2Comp signi#cantly improved the #t when compared with
Model-1Comp (푃 < 0.05). "e third component in Model-
3Comp failed to give a description of performance variations
comparedwithModel-1CompandModel-2Comp (푃 > 0.05).
It is noteworthy that the coe-cient of determination adjusted
to the model df was lower for Model-3Comp than for Model-
2Comp.
Because of its statistical signi#cance, the results from
Model-2Comp were retained for the analysis of the e)ects of
training. With the estimates of parameters of Model-2Comp
Table 2: Statistics of model #tting.
Model 푅2 Adj.푅2 퐹 ratio df 푃 SE
Model-1Comp 0.48 0.45 14.97 12, 196 <0.001 0.209
Model-2Comp 0.53∗ 0.47 8.78 24, 184 <0.001 0.202
Model-3Comp 0.54 0.45 5.68 36, 172 <0.001 0.198
Model-1Comp, model using one #rst-order component; Model-2Comp,
model using two #rst-order components; Model-3Comp, model with two
components where the gain term for the negative component varies by using
one further #rst-order #lter. Adj.푅2, adjusted coe-cient of determination;
df, degrees of freedom; SE, standard error. Statistical di)erence compared to
Model-1Comp: ∗푃 < 0.05.
(휏1 = 5.31 days, 휏2 = 4.3 days, 푘1 = 0.0186 ± 0.0134, and푘2 = 0.0200± 0.0157 s−1), the response to a training bout was
characterized by 푡푛 = 1.07 ± 1.46 days, 푡푛 = 5.29 ± 2.04 days,
and 푝푔 = 0.0011 ± 0.0005W. "e variations in ip and in are
shown on Figure 3. ip, which can be regarded as an index of
the adaptations to physical training, increased progressively
all along the experiment, whereas in, the index of fatigue,
increased during the #rst days of training each week before it
plateaued with the daily sessions."e 2 days without training
between weeks allowed a complete recovery of past sessions.
4. Discussion
In the present study, Model-2Comp was retained as the
optimal model because statistically it provided the best
description of the e)ect of the response to resistance training
in rats. Contrary to the results in a previous report [3],Model-
3Comp did not statistically improve the #t of the model,
possibly because of an insu-cient amount of training work.
"is model is based on the assumption that the relation-
ship between daily training work and performance has an
inverted-U shape, which implies that when the amount of
training exceeds an optimal value of daily work, performance
will decline because of the transient oversolicitation. "e
amounts of training in the present study may not have been
great enough to allow the detection of such an e)ect. "e
variations in fatigue elicited by the exercise over the entire
study period were relatively small and Model-3Comp did
not increase the response to training compared to Model-
2Comp."is is supported by the estimates for the small values
obtained for 푡푛 and 푡푔, which suggested that the rats coped
well with the trainingwork. Nevertheless,Model-3Comp is of
a great interest for exercise prescription because it allows for
more detailed analysis of the detrimental e)ects of training
with heavy/supraoptimal loads. For this reason, this prelim-
inary study with an experimental animal model provides a
basis for further research using Model-3Comp. Indeed, to
optimally capture the process of training, it will be necessary
to increase the amount of training work and to use contrasted
training programs with periods of more intensi#ed training
followed by reduced training work. Moreover, this systematic
mathematical procedure of modeling o)ers the possibility of
simulating training e)ects in order to test di)erent strategies,
and it may thus be useful for advocating individualized
training programs, which constitute the optimal adaptive
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stimulus. "is type of approach was developed to optimize
the training process in athletes [18, 19], but, with the animal as
an experimental model, it could be extended to those chronic
diseases for which exercise presents curative properties as
already employed in cardiac rehabilitation [20, 21]. It would
thus be of interest to extend these strategies of rehabilitation
programs to rodent models su(ering from other chronic
diseases (e.g., ob/obmice, db/dbmice for type 2 diabetes, and
the streptozotocinmodel for type 1 diabetes), as direct testing
in patients would not be ethical.
Another advantage of the animal model compared with
human modeling of training e(ects is the high precision in
the quanti)cation of training work and performance. In the
present study, the training work was directly computed by
the mechanical work of the center of mass [22]. Here, the
unit was the joule, whereas the training load for athletes is
indirectly evaluated by the variation in heart rate, as initially
proposed by Banister, or the number of repetitions in each
exercise bout [17, 23, 24]. "e measure of performance is
also more accurate because it is computed from the power
developed according to the reference method of the center of
mass [22]. "is measure in each training session also allows
the collection of a high number of performance values needed
to )t the model.
"is study is the )rst to blend the mixed-e(ects model
in that proposed by Banister, that is, Model-2Comp. "is
advance in the technical sophistication of the modeling
led us to pool the data of the entire group of animals
which o(ers two main advantages over the classical single-
individual model."e )rst advantage is that it provides great
robustness in the determination of the model parameters
and insofar it increases the number of performance criteria,
without increasing the degrees of freedom of the model
in the same proportion. "e second advantage is that it
o(ers the possibility of sacri)cing several animals during
training to gain information about the dynamics of the
biological processes involved, without appreciably degrading
the precision of the training response quanti)cation."e only
precaution that needs to be taken is to adapt the number
of animals included in the study according to the number
of biological measures planned at di(erent times so that the
training response at the end of the training period is still
representative with regard to a su-cient sample size.
Last, comparedwith studies on training e(ects in athletes,
the animal model o(ers optimal conditions to link both the
positive andnegative e(ects of training to the transitory adap-
tivemechanisms induced by the cell signaling pathways.Until
now, the process of training adaptation was considered to be
like a black box, wherein performance output is the response
to training work. With an animal model that conforms to the
standards for the ethical treatment of experimental animals,
it is possible to give the real physiological signi)cation to
the components of the transfer function used to describe the
training e(ects on performance. New hypotheses can thus
be formulated to explain the positive and negative training
e(ects on performance. For example, is the positive in.uence
(ip) linked to the main protein synthesis-signaling pathway
under the control of the mechanistic (or mammalian) target
of rapamycin MTOR or is it related to the signaling sca(old
that is responsible for morphological adaptions (phenotype,
ATPase activity, and hyperplasia)? On the other hand, can
the negative in.uence (in) be explained by exercise-induced
proteolysis, a phenomenon which seems to be attenuated
at least in part by resistance training through attenuated
induction of atrogenes, such as the muscle ring )nger 1
(MuRF-1) [25]?
5. Conclusion
Modeling the e(ects of resistance training is fully applicable
in rodent and allows for the detailed analysis of the training
adaptation process. Model-2Comp was the most appropriate
model to describe the training responses in the present
study. "e addition of contrasted periods to our training
program may be promising for the application of Model-
3Comp, which would yield information on the optimal
value of daily training work, a major focus in research
on individualized training and rehabilitation programs. "e
mixed-e(ects model o(ers two main advantages compared
with individual classicalmodeling, with (i) greater robustness
in the determination of the model parameters and (ii) the
possibility to determine the kinetic of the biological parame-
ters by sacri)cing several animals at critical times during the
training program."e accuracy in quantifying training loads
and performance in the experimental condition of resistance
training with rodents, as well as the possibility of tightly
controlling external factors, makes it possible to upgrade
the structure of the training e(ects model and establish the
biological signi)cance of the model components.
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Etude 3 : La réponse musculaire à l’entraînement en 
résistance s’exprime essentiellement par une 
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Muscle plasticity in response to resistance training is mainly controlled by a 
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RT induces a moderate hypertrophy but marked strength and power output gains 
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RT increases the rate constant of the initial ADP burst phase of m-ATPase 
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RT induces a marked increase of the fast steady-state rate constant of m-ATPase 
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Effects of resistance training on the slow steady-state of m-ATPase 
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RT induces a shift toward an intermediate phenotype  
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MHC2A and MHC2B ATPase activity increases after RT 
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"Material and Methods 
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Ethic statement 
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Resistance training protocol and performance quantification 
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Myofibrillar ATPase activity 
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Modeling of the chemical kinetics 
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Modeling of the cross-bridge cycle 
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Estimation of the training effect on m-ATPase activity 
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Figure 1: Effects of RT on mass, strength and performance;"DaJ"e(2*9%)23"26"W2+="0'.."D)3"?J"
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Figure 2: Time courses of ADP production by myofibrils from control (white plots) and 
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 Figure 3: Training effect on myofibrillar ATPase activity at 4°C." U,$" '3'*=.)." 26" %,$" %)0$"
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 Figure 4: Effect of training on MHC composition."#2052.)%)23"26"_l#").262&0")3"DaJ"W)4$5.A"
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"Figure 5: !! is increased in MHC2A and MHC2B fibers after training;"e66$4%"26"KU"23"kt")3"

















 Figure 6: Effect of training on the kinetic constant of the cross-bridge cycle." DaJ" \)05*$"
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Table 1. PCR Primer set sequences 
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Etude 4 : "volution du modèle classique des effets de 
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Animal, protocole d’entraînement et quantification des charges et performances. 
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Modélisation des effets de l’entraînement 
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Estimation des paramètres des modèles 
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Modèle R2 Adj.R2 F ratio ddl P 
A2 * 0,71 0,65 12,24 3 < 0,001 
Banister 0,79 0,73 13,16 4 < 0,001 
A2F1 0,76 0,67 8,23 5 < 0,01  
"





Modèle kA tau A1 tau A2 kF tau F 
A2 0,0025 ± 0,0016 0,61 3,68 none none 
Banister 1,556 ± 3,099 none 48,34 1,79 ± 3,27 49,12 
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Plasticité de la myosine ATPase en réponse à l’entraînement. 
L’entraînement en résistance est responsable, au sein du muscle strié squelettique, d’un 
remodelage profond qui s’opère à différents niveaux d’organisation du muscle. D’un point de 
vue quantitatif, les adaptations sont relativement bien connues. En réponse à un entraînement 
en résistance, elles sont dirigées essentiellement par une hypertrophie et par un changement 
phénotypique en faveur des fibres intermédiaires représentées par les fibres de type 2A. 
Compte tenu des variations relativement discrètes de la masse musculaire (+ 23% et + 31% 
respectivement pour le deltoïde et le FDP) et des changements phénotypiques vers un profil 
plus lent, les fibres de type 2X et 2B étant partiellement converties en 2A, induits par notre 
protocole d’entraînement en résistance, nous avons suspecté une adaptation plus fine, d’ordre 
qualitatif, qui pourrait expliquer les gains de puissance observés. Les résultats indiquent une 
augmentation de la puissance chimique de la myosine ATPase de plus de 110%. Une 
représentation simplifiée du cycle mécano-chimique, réduit aux 3 étapes fondamentales (i.e. 
collision de l’ATP sur le complexe actine-myosine, l’hydrolyse de l’ATP et la libération des 
produits de l’hydrolyse) suggère que ces gains de puissance chimique sont liés principalement 
à une augmentation de la vitesse de libération des produits de l’hydrolyse de l’ATP (+ 164%, 
+ 40% et + 37% respectivement pour le FDP, le biceps et le deltoïde) et dans une moindre 
mesure, à une augmentation de la vitesse de l’étape d’hydrolyse (+ 95%, + 30% et + 47% 
pour le FDP, le biceps et le deltoïde, respectivement). Cependant, la technique de Rapid Flow 
Quench utilisée pour établir la cinétique de production de phosphate par les myofibrilles en 
conditions activées (i.e. en présence de calcium) ne permet pas de mesurer avec certitude la 
vitesse de l’étape de collision de l’ATP. Bien que nous ayons mesuré la cinétique du burst et 
que la vitesse de fixation de l’ATP à concentration saturante soit suffisamment rapide pour ne 
pas influencer l’activité ATPasique à l’état stable, nous ne pouvons pas exclure totalement un 
effet de l’entraînement sur la vitesse de fixation de l’ATP. La mesure de la vitesse de 
formation du complexe actine-myosine-ATP est permise par les techniques de chasse à l’ATP 
froid (cold ATP chase experiments en anglais) (Barman & Travers, 1985). Cette étape 
irréversible est dirigée par kcoll, la constante de vitesse de formation du complexe collisionnel 
avec kcoll = k2[ATP]/(K1 + [ATP]) où K1 est la constante de dissociation de l’ATP du 
complexe actine-myosine et k2 et la constante de vitesse d’isomérisation de la myosine 






Une augmentation du nombre de ponts acto-myosine sous l’effet de l’entraînement ? 
L’activité ATPasique de la myosine est définie comme la production de phosphate (ou 
d’ADP) par tête de myosine, et par seconde. Dans nos méthodes, nous avons mesuré par 
HPLC la quantité totale d’ADP libre et lié au complexe actine-myosine) produit au cours du 
temps en conditions d’activation maximale. Cette méthode ne fournit pas d’information 
directe quant au nombre de têtes de myosine pleinement compétentes d’un point de vue 
enzymatique et encore moins sur le nombre de têtes actives à l’instant t. L’augmentation de la 
production de phosphate au cours du temps observée dans nos conditions entraînées pourrait 
ainsi être liée à une augmentation de la fraction de têtes de myosine pleinement compétentes 
d’un point de vue enzymatique. Une titration des têtes de myosine permettrait de mesurer ce 
nombre de têtes compétentes (Lionne et al., 2002). Cependant, dans une étude antérieure sur 
les effets de l’entraînement en endurance, une augmentation de plus de 20% de l’activité 
ATPasique a été observée, et ce, sans augmentation du nombre de têtes de myosine 
compétentes (Roels et al., 2008). Dans ces conditions, nous pouvons difficilement associer 
l’augmentation de l’activité ATPasique mesurée à une augmentation du nombre de têtes 
compétentes. En revanche, nous ne pouvons pas exclure une augmentation du nombre de têtes 
de myosine effectivement actives. Cette proportion de tête en interaction forte avec l’actine à 
l’instant t est inférieure à 10% lors du raccourcissement à vitesse maximale, mais peut être 
grandement majorée dans certaines situations. En effet, lors des contractions isométriques et 
surtout excentriques, la proportion de tête active peut augmenter, essentiellement sous l’effet 
de la diminution de l’encombrement stérique et d’une position des têtes de myosine plus 
proche et plus favorable à une interaction avec les sites actifs de l’actine (Brunello et al., 
2007). Dans les conditions expérimentales de raccourcissement à vitesse maximale de notre 
étude, une augmentation du nombre de têtes actives ne peut être exclue. Les méthodes pour 
explorer ces deux hypothèses restent à être imaginées. 
 
La force par pont actine-myosine est-t-elle augmentée à l’entraînement ? 
L’entraînement en résistance induit une augmentation de la force isométrique (P0). Rapportée 
à la surface de section des fibres, une augmentation de P0/CSA signifie une adaptation 
qualitative du muscle squelettique. Une telle plasticité ne fait pas l’objet d’un consensus. 
Certaines études ont montré une augmentation de P0/CSA en réponse à l’entraînement en 
résistance (Harber et al., 2004; D’Antona et al., 2006), et d’autres non (Widrick et al., 2002; 
Shoepe et al., 2003). Chez nos animaux entraînés, une augmentation extrêmement marquée de 
FHN"
la puissance mécanique et de la force développées en condition d’escalade avec charges 
lourdes en l’absence d’une hypertrophie proportionnelle suggère fortement une augmentation 
de la tension spécifique. Une augmentation de la force par pont est probablement 
envisageable. Cependant, comment cette force pourrait-elle augmenter sous l’effet de 
l’entraînement ? Un accroissement des liaisons hydrophobiques lié à une optimisation de la 
surface de contact actine-myosine représente une hypothèse que l’on ne peut écarter. Une 
analyse structurelle du complexe acto-myosine en état de post-powerstroke par 
cristallographie pourrait apporter des éléments de réponse. Les changements de conformation 
qui interviennent sous l’effet du calcium au sein des filaments épais se font plus rapidement 
que la fixation de la tête de myosine sur l’actine, suggérant que la génération de force pourrait 
être contrôlée par ces cinétiques de changements structurels au sein de la myosine (Reconditi 
et al., 2011; Fusi et al., 2014). Les chaines légères régulatrices (RLC) seraient en mesure de 
réguler l’orientation des têtes de myosines si bien qu’à température physiologique et en 
conditions relaxe, deux populations de têtes de myosines coexistent : certaines têtes orientées 
perpendiculairement et d’autres parallèlement aux filaments de myosines (Fusi, Huang, & 
Irving, 2015). Une modulation de l’équilibre conformationnel des régions RLC des têtes de 
myosines serait alors de nature à expliquer les variations potentielles de la force par pont et/ou 
leur nombre sous l’effet de l’entraînement. Dans l’étude antérieure conduite sur les effets de 
l’endurance, ni les changements d’isoformes des RLC, ni leur états de phosphorylation n’ont 
permis d’expliquer les gains d’activité ATPasique mesurés suggérant que d’autres 
mécanismes impliquant d’autres protéines sarcomériques pourraient être impliquées dans 
cette plasticité des moteurs moléculaires (Roels et al., 2008). 
 
Un modèle physiologique des effets de l’entraînement en résistance. 
Les gains de puissance chimique développée lors de l’entraînement semblent déterminer 
l’essentiel des gains de puissances mécaniques mesurés. Cependant, à quelle vitesse survient 
cette adaptation de l’activité ATPasique ? Dans nos conditions, 4 semaines d’entraînement 
étaient suffisantes pour induire une augmentation de l’activité ATPasique par un facteur 2. 
Les animaux étaient capables de soulever 280 ± 20% de leur masse corporelle lors du test de 
répétition maximale. Les résultats de travaux précédents réalisés dans mon laboratoire 
d’accueil indiquent que la performance continue d’augmenter si l’entraînement perdure. 
Après 10 semaines d’entraînement selon le même protocole d’escalade, les animaux 
pouvaient soulever 350 ± 23% de leur masse corporelle lors du test de répétition maximale 
(Bègue, 2013). Ces résultats suggèrent que les gains d’activité ATPasique obtenus dans nos 
FHh"
conditions (i.e. 4 semaines d’entraînement) n’ont pas encore atteint de plateau et que la 
capacité d’adaptation de l’activité ATPasique de la myosine peut dépasser les 110% 
d’augmentation. 
Des études antérieures ont montré une augmentation de l’activité ATPasique de l’ordre de 
20% suite à un entraînement en endurance réalisé sur des périodes de 8 à 12 semaines 
(Schluter & Fitts, 1994; Roels et al., 2008). L’intensité, mais également la durée de l’exercice 
physique seraient alors déterminants dans l’amplitude des gains d’activité ATPasique. A 
partir du modèle physiologique proposé dans l’étude 4, il deviendra possible d’établir une 
relation entre les gains de performance et les gains d’activité ATPasique. Des mesures 
d’activité ATPasique effectuées à différents temps au cours de la période d’entraînement 
permettront de déterminer sa cinétique de mise en place. Combinée à des mesures réalisées 
lors d’entraînement à différentes intensités (i.e. différentes charges de travail), la relation 
dose-réponse pourra être établie. Le modèle physiologique appliqué indique une performance 
maximale 2,4 jours après une charge de travail isolée. Cette donnée est en adéquation avec les 
cinétiques d’activation de la voie canonique de synthèse des protéines. En effet, MTOR, chef 
d’orchestre de cette voie, ainsi que 4E-BP1 (un effecteur activé par MTOR), peuvent rester 
activés jusqu’à 24h post exercice (Pagano et al., 2014). De la même manière, la vitesse de 
réponse des transcrits géniques fait apparaître une réponse maximale 24 h après entraînement 
(Busso & Flück, 2013). Les paramètres du modèle physiologique semblent correspondre ainsi 
à la réalité des processus adaptatifs biologiques responsables des gains de performances 
observés à l’entraînement. De plus, la nature exponentielle du modèle proposé, par opposition 
aux modèles classiques où la réponse est impulsionnelle, reflète mieux la nature également 
exponentielle des processus adaptatifs biologiques cités ci-dessus. Des mesures biologiques 
complémentaires [activité ATPasique et de flux de synthèse protéique grâce notamment à la 
puromycine (Schmidt et al., 2009)] permettraient d’établir un modèle physiologique détaillé 
où la performance serait expliquée par l’action combinée des mécanismes adaptatifs 
musculaires : 
 !! ! !! ! !!"##$%&'! ! !!"#! !!!!"#$%$&"!!" ! !!!"#$%&  
Où !!"##$%&'! ,!!!"#!  , !!!!"#$%&"!!"  et !!"#$%&  sont les fonctions de transfert propres à 
décrire les adaptations respectives de la commande motrice, du phénotype, des flux de 
synthèse protéique et de l’activité ATPasique par tête de myosine, !!"#$%&. 
 
FHI"
A notre connaissance, ce travail est le premier à montrer une étonnante possibilité adaptative 
des unités contractiles et que cette adaptation de l’activité ATPasique, indépendante du 
phénotype, est à l’origine des gains de puissance mécanique observés suite à un entraînement 
de résistance. Un modèle simple du cycle mécano-chimique de la myosine ATPase indique 
une augmentation des vitesses des étapes d’hydrolyse de l’ATP et surtout de libération des 
produits de l’ATP. Bien que des mécanismes adaptatifs connus soient suspectés, aucun 
d’entre eux ne permet d’expliquer une augmentation aussi marquée de l’activité ATPasique. 
En effet, ni les phosphorylations des chaînes légères de myosine, ni même une augmentation 
du nombre de têtes de myosine pleinement compétentes sur le plan enzymatique ne serait en 
mesure d’expliquer le gain de plus de 100% de la puissance chimique observé suite à 
l’entraînement de résistance. Combinées à d’autres mesures biologiques, ces données 
permettraient d’établir un modèle physiologique, où la performance serait expliquée par les 
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Key points
r Clenbuterol is an adrenergic receptor agonist known to induce skeletal muscle hypertrophy
and a shift towards faster muscle fibres, when administered chronically at high doses.
r However, when normalized to the muscle surface area, the increase in muscle force is no longer
increased and even depressed.
r We show that muscle contraction and relaxation force kinetics were significantly reduced
particularly in fast contracting muscles.
r We show that action potential-elicited Ca2+ transients were depressed in the fast contracting
muscle.
r Our data show that chronic clenbuterol treatment reduces contractile efficiency, with altered
contraction and relaxation kinetics, but without directly altering the contractile machinery.
Lower Ca2+ release during contraction could partially explain these deleterious effects.
Abstract Clenbuterol is a β2-adrenergic receptor agonist known to induce skeletal muscle hyper-
trophy and a slow-to-fast phenotypic shift. The aim of the present study was to test the effects of
chronic clenbuterol treatment on contractile efficiency and explore the underlying mechanisms,
i.e. the muscle contractile machinery and calcium-handling ability. Forty-three 6-week-old male
Wistar rats were randomly allocated to one of six groups that were treated with either sub-
cutaneous equimolar doses of clenbuterol (4 mg kg−1 day−1) or saline solution for 9, 14 or
21 days. In addition to the muscle hypertrophy, although an 89% increase in absolute maximal
tetanic force (Po) was noted, specific maximal tetanic force (sPo) was unchanged or even depressed
in the slow twitch muscle of the clenbuterol-treated rats (P < 0.05). The fit of muscle contraction
and relaxation force kinetics indicated that clenbuterol treatment significantly reduced the rate
constant of force development and the slow and fast rate constants of relaxation in extensor
digitorum longus muscle (P < 0.05), and only the fast rate constant of relaxation in soleus muscle
(P < 0.05). Myofibrillar ATPase activity increased in both relaxed and activated conditions in
soleus (P < 0.001), suggesting that the depressed specific tension was not due to the myosin head
alteration itself. Moreover, action potential-elicited Ca2+ transients in flexor digitorum brevis
fibres (fast twitch fibres) from clenbuterol-treated animals demonstrated decreased amplitude
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after 14 days (−19%, P < 0.01) and 21 days (−25%, P < 0.01). In conclusion, we showed
that chronic clenbuterol treatment reduces contractile efficiency, with altered contraction and
relaxation kinetics, but without directly altering the contractile machinery. Lower Ca2+ release
during contraction could partially explain these deleterious effects.
(Received 10 November 2014; accepted after revision 27 January 2015; first published online 27 February 2015)
Corresponding author G. Py: Faculte´ des Sciences du Sport, Universite´ Montpellier, INRA, UMR866 Dynamique
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Abbreviations AP, action potential; CSA, cross-sectional area; EDL, extensor digitorum longus; FDB, flexor digitorum
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Introduction
β2-Adrenergic agonists, the most effective bronchodilators
used to prevent asthma in humans, act by inhibiting
smooth muscle contraction and increasing epithelial
mucus clearance. In addition to their anti-asthma effect,
chronic administration of these agonists causes a dramatic
increase in skeletal muscle growth in various mammalian
species (Kim et al. 1992; Mersmann, 1998; Kissel et al.
2001) and enhances human sports performance (Collomp
et al. 2005; Sanchez et al. 2012; Hostrup et al. 2014a,b).
Synthetic β2-agonists such as cimaterol, clenbuterol,
fenoterol, formoterol, salbutamol and salmeterol are
based on the chemical structure of adrenaline and
promote muscle growth through the stimulation of
β2-adrenoceptors and subsequent activation of down-
stream signalling pathways. Clenbuterol, one of the
selective β2-adrenergic agonists, is known to induce
a specific protein anabolic effect in skeletal muscle
(Mersmann, 1998; Kissel et al. 2001; Bricout et al. 2004;
Lynch & Ryall, 2008). Because of this effect, clenbuterol
has been extensively studied, especially for its therapeutic
potential in various diseases affecting muscle mass or
weakness. Effects of β2-adrenergic agonist treatment on
muscle mass have been demonstrated in th contexts of
muscular dystrophy, disuse (Ricart-Firinga et al. 2000),
ageing, denervation and amyotrophic lateral sclerosis in
both animals and humans (Lynch & Ryall, 2008). In
addition to the effect on muscle mass, chronic clenbuterol
treatment induces a fibre-type transition from slow to fast
twitch fibres in animal models (Zeman et al. 1988; Polla
et al. 2001; Mounier et al. 2007; Douillard et al. 2011). The
phenotypic and metabolic changes induced by clenbuterol
have raised questions about the impact of this treatment
on muscle contractile function and ATPase activity. Pre-
vious studies have shown greater force-producing capacity
in clenbuterol-treated muscle in both fast and slow
twitch muscles (Dodd et al. 1996). Nevertheless, when
maximal tetanic contraction was corrected for muscle
cross-sectional area, muscle force was unchanged and
even altered in soleus muscle (McCormick et al. 2010).
These results suggest a potentially deleterious effect of
chronic clenbuterol treatment on the skeletal muscle
contractile machinery. A preliminary study suggested
that chronic clenbuterol treatment induces significant
changes in the calcium (Ca2+) signals associated with
excitation–contraction coupling in fast twitch skeletal
muscles (Sirvent et al. 2014). However, the mechanisms
responsible for the changes in clenbuterol-induced contra-
ctility are not well understood.
Ca2+ handling is the primary regulator of force
generation by cross-bridges in striated muscle. A reduction
in Ca2+ release from the sarcoplasmic reticulum at
each contraction would explain, at least in part, the
reduced contractile function. However, muscle contractile
function depends on contraction and relaxation processes.
Relaxation involves at least three processes: termination of
Ca2+ release, the kinetics of calcium dissociation from
troponin and cross-bridge detachment, and Ca2+ uptake
by the sarcoplasmic reticulum and myoplasmic Ca2+
buffering (Poggesi et al. 2005). Strong evidence indicates
that cross-bridge kinetics is the major determinant of the
time course of striated muscle relaxation and is responsible
for ‘load-dependent’ changes in relaxation kinetics. Last,
the kinetics of myosin head detachment from the thin
filament is related to ATP binding. Thus, beyond muscle
hypertrophy, an effect of clenbuterol on contraction and
relaxation kinetics is expected.
The aim of the present study was to test the effect of
chronic clenbuterol treatment on muscle force generation
and relaxation kinetics in slow and fast twitch muscles
and on myofibrillar ATPase activity in both relaxed and
activated conditions. In addition, Ca2+ signalling was
evaluated as it is the main regulator of contraction and
relaxation kinetics.
Methods
All experiments complied with the Guide for the Care
and Use of Laboratory Animals, published by the National
Institutes of Health (NIH Publications No. 85-23, Revised
1996). All experiments were approved by the Research
Ethics Committee of Languedoc-Roussillon region
[‘Ethique sur l’Expe´rimentation Animale’ approved the
experimental protocol (# 36)].
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Animals
Forty-three 6-week-old male Wistar rats (body mass:
236.3 ± 3.8 g; Charles River, Wilmington, MA, USA)
were randomly allocated to one of six groups and
housed in standard cages with a 12:12 h light–dark cycle
and food and water available ad libitum. Treated rats
received subcutaneous equimolar doses of clenbuterol
(4 mg kg−1 day−1) for 9 (CB-G9, n = 7), 14 (CB-G14,
n = 7) or 21 days (CB-G21, n = 8). Body weights were
measured daily and injection doses adjusted accordingly.
To control for maturation effects due to the treatment
duration, control rats were recruited and received a
daily subcutaneous injection of an identical volume of
saline solution for 9 (CTL-G9, n = 7), 14 (CTL-G14,
n = 7) or 21 days (CTL-G21, n = 7). All measurements
were made 24 h after the last treatment. While animals
were anaesthetized with pentobarbital sodium, extensor
digitorum longus (EDL), soleus (SOL) and flexor
digitorum brevis (FDB) muscles of both left and right
hindlimbs were rapidly dissected out. At the end of the
surgical procedure, the animals were killed with a lethal
dose of pentobarbital.
Muscle phenotype
SOL and EDL muscle phenotypes were determined by
the Kaiser and Brooke myosin-ATPase coloration method
(Brooke & Kaiser, 1970). All twitch fibres from each muscle
were selected and identified as being type I fibres, type IIa
fibres or type IIx-IIb fibres.
Kinetics of muscle force activation and relaxation
kinetics
EDL and SOL muscles from the right hindlimb were
surgically exposed. The excised muscles were immediately
placed ib a custom-built Plexiglas chamber filled with
Krebs-Ringer solution [composition (in mM): NaCl 11.9,
KCl 0.5, CaCl2 0.125, MgSO4 0.1, KH2PO4 0.1, glucose
1, NaHCO3 2.5, mannitol 0.11] equilibrated with 95%
O2/5% CO2 gas and maintained at 25°C, pH 7.4.
Contractile properties of the right EDL and SOL were
assessed in vitro according to the methods described
in detail previously (Lynch et al. 2001; Ryall et al.
2002). In vitro contractile measurements began with the
determination of the muscle optimal length (Lo) for iso-
metric tension development. After a 15 min equilibration
in the bath, the muscle was connected to an isotonic force
transducer (model 305B; Cambridge Instruments, Aurora
Scientific, Inc., Ontario, Canada) and stimulated along
its entire length with platinum wire electrodes. After the
determination of Lo from the maximum isometric twitch
force, all subsequent contractile properties were measured
at Lo. Optimum twitch fibre length (Lf) was determined
by multiplying Lo by previously determined ratios of fibre
length to muscle length: 0.44 for EDL and 0.71 for SOL
(Brooks & Faulkner, 1988; Ryall et al. 2002). Isometric
tetanic tension was determined at different frequencies of
stimulation (701B Stimulator; Aurora Scientific), ranging
from 1 to 100 Hz for SOL and 150 Hz for EDL (pulse
duration 0.5 ms, train duration 500 ms). A rest period
of 1 min was applied between each tetanic stimulation.
Maximal isometric tetanic tension (Po) was determined
from the plateau of the frequency–force curve. After all
measurements, the muscle was removed from the bath,
trimmed of connective tissue, blotted dry and weighed
on an analytical balance. Specific force (sPo; N cm
−2) was
calculated for each muscle according to the well-accepted
procedure that accounts for muscle cross-sectional area,
determined after dividing muscle mass by the product of
Lf and 1.06 mg mm
−3, according to Lynch et al. (2001).
Fitting of muscle mechanical kinetics
A non-linear regression was used to fit the data obtained
in the CTL-G21 and CB-G21 groups only to a model
that defines the kinetics of muscle force production and
relaxation in EDL and SOL muscles during a single
500 ms twitch (pulse duration of 0.5 ms at 100 Hz
for SOL and 150 Hz for EDL). The model used to fit
the force development and relaxation kinetics for EDL
and SOL and determine the parameter values is pre-
sented in Fig. 1. Data were fitted using GraphPad Prism 4
(GraphPad Prism Software, San Diego, CA, USA). During
the force production phase, the rate constant of the
force development (kACT, s
−1) was determined. The time
course of full force relaxation was biphasic, starting with
a slow, seemingly linear, phase (rate constant, Slow kREL,
s−1) followed, after a ‘shoulder’, by a fast, approximately




SOL (slow twitch) muscle from CTL-G21, CB-G14 and
CB-G21 groups as well as EDL (fast twitch) muscle
from CTL-G21, CB-G9, CB-G14 and CB-G21 groups
was used for these experiments. Briefly, muscles were
immersed in ice-cooled Ringer buffer [composition (in
mM): Tris-HCl 50, pH 7.0, NaCl 100, KCl 2, MgCl2 2,
EGTA 1, dithiothreitol 1, phenylmethanesulfonyl fluoride
0.2, leupeptin 0.01, pepstatin 0.005 and NaN3 0.5] at rest
length. From these latter SOL and EDL muscles, myo-
fibrils were prepared as previously described (Candau
et al. 2003). The total myosin head concentration in the
myofibrillar suspension was measured by absorbance at
280 nm of a 1:10 dilution of the suspension in 2% SDS
C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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(Houadjeto et al. 1992), based on the assumption that the
molar extinction coefficient and percentage of myosin in
SOL and EDL myofibrils are the same as in psoas myo-
fibrils (Herrmann et al. 1994; Iorga et al. 2004).
Myofibrillar ATPase activity
ATPase measurements were carried out in a home-built,
thermostatically controlled, Rapid Flow Quench
apparatus (Barman & Travers, 1985). Experiments were
performed at 4°C to slow down the unloaded shortening
velocity (V0), and thus to increase the duration of the
unloaded shortening phase (tB) and improve the time
resolution. The chosen temperature of 4°C, although it
slows the shortening velocity, still allows the myofibrils
to behave and contract normally (Candau et al. 2003).
In the Rapid Flow Quench apparatus, myofibrils were
mixed with [γ-32P]ATP (2.5 µM myosin heads + 25 µM
[γ-32P]ATP in the reaction mixture at 4°C). Reaction
mixtures were quenched in acid (22% trichloroacetic acid
and 1 mM KH2PO4) at different times and the [
32P]Pi
was assayed. Reaction mixtures with incubation times
from 200 ms to 10 s were obtained with this apparatus.
For longer incubation times, myofibrils and [γ-32P]ATP
were mixed in a beaker at 4°C, where one sample of the
reaction mixture was taken and quenched every 10–15 s
for 3–10 min. The amounts of total Pi (i.e. free Pi plus
myosin head-bound Pi) were determined in the quenched
reaction mixtures by the filter paper method of Reimann
and Umfleet (1978). Relaxing and activating buffers
were used to obtain relaxed and activated conditions,
respectively, i.e. 50 mM Tris-acetate, pH 7.4, 100 mM
Figure 1. Fitting of force activation and
relaxation in EDL (A) and SOL (B) muscles
Recording shows the fitting curve (red line)
obtained from the data curve (black line)
recorded at 150 and 100 Hz for EDL and
SOL, respectively. The kinetics of force
development was described by one
exponential increase: a1(1–e
−kACT∗t), where
a1 is the value of force at the maximal curve
asymptote (mN); e is the exponential
function; kACT (s
−1) is the rate constant of
the force development; and x is the time
(ms). The kinetics of force relaxation was
described using two exponential slow and
fast decays: a2(1–e
−slow kREL∗(t-td2)) + c2 and
a3(1–e
− fast kREL∗(t-td3)) +c3 where c2 and c3
are the force levels at the beginning of each
decay; slow kREL and fast kREL are the rate
constants of the slow and fast phases of
tension decline, respectively; a2 and a3 are
the basal relaxation force level c2 and c3,
respectively; and td2 and td3 are the time
delays at the beginning of each decay.
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potassium acetate, 5 mM KCl and either 0.1 mM CaCl2 and
2 mM magnesium acetate for the activating buffer (with
Ca2+), or 2 mM EGTA and 5 mM magnesium acetate for
the relaxing buffer (without Ca2+).
Modelling ATPase activity kinetics
Although the first phase of steady-state ATP hydro-
lysis was used as a measure of the ATPase activity
during unloaded shortening of the calcium-activated myo-
fibrils, the entire kinetics of ATP hydrolysis was modelled
with a three-component model to determine the kinetic
parameters:










+ [A+kF.tB+kS. (t−tB)] (2)
where the third component eqn (2) starts when t>tB,
[Total Pi]/[myosin heads] is the amount of total phosphate
determined per myosin head (mol of ATP hydrolysed per
mol of myosin heads), A is the amplitude (mol/mol)
of the Pi burst, kF is the rate constant (s
−1) of the
fast steady state during the unloaded shortening phase
in activated conditions, kS is the rate constant (s
−1) of
the steady state during ‘over-contraction’ when the thin
filaments of the two halves of the sarcomeres start to over-
lap each other (a non-physiological state), and tB is the
time break (s) corresponding to the unloaded shortening
phase duration (Lionne et al. 1996). The model parameters
were determined using an iterative process that minimizes
the sum of the mean squares between the total phosphate
measured and that predicted by the model. The ATP cost
of contraction during the unloaded shortening phase was
determined based on the number of ATPs consumed per
myosin head (ATPtB) until tB.
The titration of the myofibril preparation ([active site]),
i.e. the number of fully active ATPase sites per total
sites, was estimated from the amplitude (A) of the Pi
burst as proposed by Iorga et al. (2004) for Pi burst
experiments on SOL myofibrils. Titration experiments
were performed in relaxed conditions because (i) A is
similar in relaxed and Ca2+-activated conditions, (ii) the
cleavage step that controls the Pi burst amplitude occurs
in the detached state whatever the condition and (iii) A is
determined more accurately in relaxed than in activated
conditions, due a slower reaction compared with activated
conditions.
The limiting step of the cross-bridge cycle, the iso-
merization step that occurs just before Pi release (k4),
was evaluated from the catalytic activity (kcat) and the
equilibrium constant of the ATP cleavage step (K3) (Iorga
et al. 2004):
k4 = kcat (1+K 3) /K 3 (3)
where kcat = ks/[active site], and K3>10.
Stopped-flow experiments
The low temperature retained for the enzyme kinetic
experiments allowed measurement of the kinetics of
the ATP-induced myosin head detachment from the
thin filament and the ATP cleavage (K3) (Stehle &
Brenner, 2000). The experiment was carried out in a
Hi-Tech Scientific stopped-flow apparatus (model SF-61
DX2; Hi-Tech Ltd, Salisbury, UK). The excitation wave-
length was 295 nm and emission was >320 nm using a
cut-off filter (WG320; Hi-Tech) to measure tryptophan
fluorescence. For each experimental condition, a series of
12 shots was carried out and averaged. The fluorescence
of the myofibrillar solution, without ATP, was set as 100%
just before the start of the experiment. Fluorescence time
courses were fitted with a double exponential model of rate
constants kTrp fast and kTrp slow. The fast phase is related to
the ATP-induced detachment of the myosin head from the
actin filaments. Its kinetics is hyperbolically dependent on
ATP concentration, and the initial slope of the dependence
gives information on the rate of detachment. The slow
phase kinetics is governed by the ATP cleavage step and
is independent of ATP concentration. For further details,
see Stehle and Brenner (2000).
Modelling ATPase activity as a function of twitch
fibre type
To identify the changes in ATPase activity due to changes in
the twitch fibre type in response to clenbuterol treatment, a
multilinear regression analysis including specific ATPases









where F-I, F-IIa and F-IIx/b were the percentages of twitch
fibre types I, IIa and IIx/b, respectively, and kss was the
relaxed ATPase steady state, assumed to be equal to 0.125kf.
Ca2+-transient measurement
Due to its relatively small size and the technical
constraints associated with Ca2+-transient measurement,
the FDB muscle (fast twitch) was selected, dissected and
enzymatically dissociated at 37°C for 1 h with 3 mg ml−1
collagenase (type 1; Sigma, St Louis, MO, USA) dissolved
in an external medium (in mM: NaCl 145, KCl 4, CaCl2
1.8, MgSO4 1, Hepes 10 and glucose 10, pH 7.4). Bundles
of fibres were then transferred to an external medium
without collagenase, and the fibres were mechanically
separated by gentle trituration. Intact single fibres were
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Table 1. Time course of clenbuterol-induced phenotype shift in EDL and SOL muscles
EDL SOL
CTL-G21 CB-G9 CB-G14 CB-G21 CTL-G21 CB-G9 CB-G14 CB-G21
Fibre types I 7.5 ± 2.2 7.3 ± 2.6 7.6 ± 2.8 5.4 ± 1.4 80.0 ± 7.4 72.0 ± 8.3 69.4 ± 9.5∗ 60.7 ± 8.5∗∗∗
(%) IIa 25.6 ± 1.9 14.7 ± 4.3∗ 9.9 ± 2.4∗∗ 11.0 ± 3.7∗∗ 14.8 ± 8.5 16.9 ± 8.4 20.4 ± 9.7 29.1 ± 10∗∗
IIx-IIb 66.9 ± 2.7 78.0 ± 4.3∗ 82.4 ± 3.1∗∗ 83.6 ± 4.7∗∗ 5.3 ± 3.6 11.1 ± 1.8∗ 10.2 ± 2.8∗ 10.2 ± 6.8∗
Values are mean percentages (± SD, n = 8) of the different fibre types in EDL and SOL. ∗Different from CTL-G21; ∗∗different from
CTL-G21 and CB-G9; ∗∗∗different from CTL-G21, CB-G9 and CB-G14. P < 0.05. Because non-statistically differences exist between
CTL-G9, CTL-G14 and CTL-G21 groups for both fibre type distribution and CSA, results of the CTL-G21 group only are given.
plated on extracellular matrix (Sigma)-coated coverslips
attached across a 12 mm hole in the bottom of 35 mm
Petri dishes. FDB fibres bathed in an external medium
were loaded for 30 min at room temperature with
Fluo-3 AM (5 µM; TefLabs, Austin, TX, USA). Action
potential (AP)-induced Ca2+ transients were triggered by
field stimulation with a single 2 ms pulse just above the
stimulation threshold. Fluorescence images were acquired
in line-scan mode (spatial [x] vs. temporal [t], 1.5 ms per
line) with a confocal system (Zeiss LSM 510 Meta,
63× objective, NA = 1.2, H2O immersion; Oberkochen,
Germany). Fluo-3 was excited with an argon/krypton laser
at 488 nm, and the emitted fluorescence was recorded
at 525 nm. Single-fibre Ca2+ transients were identified
on raw fluorescence images. Image strips of the manually
identified area of a single fibre were extracted. After sub-
tracting the photomultiplier offset current, strip images
were converted to 1F/F, where F is the mean resting
fluorescence of the fibre calculated from the image area
preceding the AP stimulation and subsequent Ca2+ trans-
ient. The temporal fluorescence time courses of each fibre
were generated by spatial compression of the 1F/F images,
resulting in a mean spatial F value for each temporal
coordinate.
Statistics
Variables were compared between groups using
ANOVA and the Newman–Keuls post hoc multiple
comparison procedure when significance was detected.
The significance of the model parameters retained in the
kinetic analysis was tested by an F-test. Significance was
set at P< 0.05. All values are expressed as mean± SEM.
Results
Morphometric properties, shift in muscle phenotype
Clenbuterol treatment for 21 days resulted in significant
increases in muscle mass, more pronounced in EDL
(+22%; 220.9± 5.4 mg CB-G21 vs. 176.3± 8.3 CTL-G21;
P < 0.001) than SOL (+9%; 202.0 ± 5.8 mg CB-G21
vs. 176.7 ± 6.1 mg CTL-G21; P < 0.01). The muscle
mass/body mass ratio was not different compared with
control groups. In the clenbuterol-treated rats, the ratio
was unchanged in SOL (0.53±0.01 CB-G21 vs. 0.54±0.01
CTL-G21) but significantly increased in EDL (0.59± 0.01
CB-G21 vs. 0.52± 0.02 CTL-G21; P< 0.001).
Non-statistically significant differences were found
between CTL-G9, CTL-G14 and CTL-G21 groups for
both fibre type distribution or cross-sectional area (CSA)
(data not shown for CTL-G9 and CTL-G14 groups) and
thus we decided to present results of the CTL-G21 group
only. EDL muscle underwent a phenotypic shift toward
faster muscle twitch fibres, as determined by the myo-
sin ATP (Table 1). This shift was noticeable from day 9
onward. The increased percentage of type IIx-IIb twitch
fibres at day 9 was accompanied by a decreased percentage
of type IIa twitch fibres. At day 21, a 17% (P < 0.05)
increase and a 15% (P < 0.05) decrease in IIx-IIb and IIa
twitch fibre types, respectively, were observed compared
with CTL-G21. Similar results in the SOL muscle were
found (Table 1). At day 14, the proportion of type I
muscle fibres was 11% (P < 0.05) lower in the treated
group compared with CTL-G14 group. The percentage
of type IIx-IIb twitch fibres was significantly higher in
the treated group compared with CTL-G9 at day 9 (+6%,
P< 0.01). Later (i.e. between day 9 and day 21), no further
increase in the percentage of type IIx-IIb twitch fibres was
observed. After 21 days of treatment, the percentage of
type IIa fibres was significantly increased from 14 to 29%
(Table 1).
Kinetics of muscle force activation and relaxation
Muscle force development. In EDL muscles, maximal
isometric tension (Po) exhibited an 89% increase in
CB-G21 compared with CTL-G21 (2232 ± 192 vs.
1177± 206 mN, respectively; P< 0.05, Fig. 2A). However,
when Po was corrected to account for muscle CSA, sPo
was not different in EDL among groups (12.3 ± 1.0 vs.
12.0± 1.8 N cm−2 in CB-G21 and CTL-G21, respectively,
Fig. 2A).
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In SOL muscle, no significant difference in Po was
observed between CB-G21 and CTL-G21 (1648 ± 133
vs. 1365 ± 50 mN, respectively) (Fig. 2B). However,
clenbuterol treatment significantly reduced SOL sPo
in CB-G21 compared with CTL-G21 (11.9 ± 0.7 vs.
14.0± 0.6 N cm−2; P < 0.05, Fig. 2B).
Kinetics of force development and relaxation. Fitting
of thekinetics of force activation and relaxation for EDL
and SOL gave high determination coefficients, with a
mean r2 value greater than 0.997 and 95% confidence
intervals inferior to 1% for EDL and SOL. Figure 2C
and D illustrates representative recordings from fitting
curves obtained from G21-CB and CTL-G21 for both
EDL and SOL. The results obtained from fitting the
muscle mechanical kinetics showing the clenbuterol effect
after 21 days of treatment are summarized in Table 2. In
EDL, the main clenbuterol effect was observed for kACT
with a significant decrease compared with the untreated
Figure 2. Effect of clenbuterol treatment on maximal isometric tetanic power (Po), specific isometric
tetanic power (sPo), and force development and force relaxation kinetics in EDL (A, C) and SOL (B, D)
muscle
Mean (± SEM) EDL (A) and SOL (B) maximal isometric tetanic power (Po, left vertical axis) and specific maximal
isometric tetanic power (sPo, right vertical axis) recorded from CTL-G21 (white bar) and CB-G21 animals (dark bar).
C and D, recording shows representative fitting curves in a CB-treated rat (red line) and a CTL-treated rat (black
line) in EDL muscle (C) and SOL muscle (D). The kinetics of force development was described by one exponential
increase: a1(1–e
−kACT∗t), where a1 is the value of force at the maximal curve asymptote (mN); e is the exponential
function; kACT (s
−1) is the rate constant of the force development; and x is the time (ms). The kinetics of force
relaxation was described using two exponential slow and fast decays: a2(1–e
−slow kREL∗(t-td2))+ c2 and a3(1–e
− fast
kREL∗(t-td3)) +c3 where c2 and c3 are the force levels at the beginning of each decay; slow kREL and fast kREL are
the rate constants of slow and fast phases of tension decline, respectively; a2 and a3 are the basal relaxation
forces level c2 and c3, respectively; and td2 and td3 are the time delasy at the beginning of each decay.
∗P < 0.05
CTL-G21 vs. CB-G21.
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Table 2. Clenbuterol alters contraction and relaxation kinetics in fast muscle
EDL SOL
CTL-G21 (n = 7) CB-G21 (n = 8) CTL-G21 (n = 7) CB-G21 (n = 8)
kACT (s
−1) 23.1 ± 0.8 19.3 ± 1.2∗∗ 8.5 ± 0.8 7.6 ± 0.0
Slow kREL (s
−1) 3.4 ± 0.1 1.8 ± 0.0∗∗ 1.8 ± 0.2 1.4 ± 0.1
Fast kREL (s
−1) 38.7 ± 2.2 28.7 ± 1.6∗∗∗ 10.4 ± 1.7 6.3 ± 0.5∗
Kinetic parameters for force development and relaxation during maximal tetanic eletrostimuation following clenbuterol treatment
in EDL and SOL muscles. Values are expressed as means ± SEM. kACT, rate constant of force development; Slow kREL, rate constant
of the slow relaxation phase; Fast kREL, rate constant of the fast relaxation phase; CTL-G21, untreated control group; CB-G21,
clenbuterol-treated group. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
condition (Table 2; P < 0.01). In addition, clenbuterol
treatment significantly decreased Slow kREL and Fast
kREL (Table 2; P < 0.01 and P < 0.001, respectively).
In SOL muscle, a significant decrease in Fast kREL was
observed in CB-21 compared with CTL-G21 (Table 2;
P < 0.05).
Chemical kinetics
Slow-type muscle. Relaxed condition. A significant
increase in myosin ATPase activity was observed during
clenbuterol treatment compared with CTL (Figs 3A and
4A, P < 0.001) in myofibrils prepared from SOL muscle.
Figure 3. Time courses of SOL myosin ATPase in relaxed (A) or Ca2+-activated (B) myofibrils in control
group (filled circles), and after 21 days of clenbuterol treatment (open circles)
Reaction mixtures were 3 µM myofibrils (as myosin heads) plus 30 µM [γ -32P]ATP at 4°C. The reaction mixtures were
quenched at the times indicated and the total [32P]Pi concentrations were determined. In the relaxed condition,
the amplitude of Pi burst and ATPase activity were 0.34 ± 0.05 vs. 0.45 ± 0.07 mol mol−1, and 0.0032 ± 0.0005
vs. 0.0083 ± 0.0011 s−1 for the control and 21-day clenbuterol-treated groups, respectively. In the Ca2+-activated
condition, the slope of the fast linear phase (ATPase activity in unloaded shortening), slope of the slow linear phase,
duration of the unloaded shortening phase (dashed lines) and the ATP cost of shortening were 0.025 ± 0.004 vs.
0.065± 0.01 s−1, 0.016± 0.003 vs. 0.031± 0.006 s−1, 87± 9 vs. 50± 5 s and 2.4± 0.2 vs. 4.2± 0.4 mol mol−1
for the control (CTL-G21) and 21-day clenbuterol-treated groups (CB-G21), respectively.
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This increase was explained by the twitch fibre shift from
slow to fast type (P < 0.001). The lack of significant
change (P > 0.05) in the titration index suggests that
the number of myosin heads fully competent in the myo-
fibril suspension, from an enzymatic point of view, was
not affected by the clenbuterol treatment. The fast rate
constant of the tryptophan fluorescence signal increased
and the steeper initial slope of the dependence with ATP
concentration (P < 0.01; Fig. 4B) indicated an increase
in the rate constant of ATP binding-induced myosin
Figure 4. Effect of clenburerol on SOL myofibrilar ATPase activity in relaxed (A–E) and Ca2+-activated
(F–H) conditions at 4°C
Reaction mixture concentrations were 3 and 30 µM for myosin heads and [γ -32P]ATP concentrations in Rapid
Flow Quench experiments, respectively. In Stopped-Flow experiments (B and C), myosin head concentration was
1 µM reaction mixture, and ATP concentrations ranged from 30 µM to 1 mM. CTL-G21, control group; CB-G14,
14-day clenburerol-treated group; CB-G21, 21-day clenburerol-treated group; kSS, rate constant of the steady-state
phase in relaxed condition; k2/K1, ATP binding-induced myosin detachment obtained from the initial slope of the
regression of ktrypophan fast as a function ATP concentration; ktryprophan slow, rate constant observed for the slow
phase of tryptophan increase when mixing myofibrils with ATP; k4, rate constant of Pi release (the isomerization
step preceding diffusion of Pi); kF, rate constant of the fast steady-state phase in activated condition; tB, duration
of the unloaded shortening phase, an index of unloaded shortening velocity; ATPtB, ATP consumed during the
unloaded shortening phase. Because no significant difference was detected between CTL-G9, CTL-G14 and
CTL-G21 groups, results of the CTL-G21 group are presented. NS, not significant. ∗∗P < 0.01; ∗∗∗P < 0.001.
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detachment with clenbuterol treatment compared with
the control group. In contrast, the rate constant of the
tryptophan fluorescence slow phase was not altered by
clenbuterol treatment (P > 0.05; Fig. 4C). As this slow
phase was attributed to the ATP cleavage step (Stehle
& Brenner, 2000), the present result suggests a lack of
clenbuterol effect on this ATP cleavage step. The increase in
the rate constant of Pi release under clenbuterol treatment
(P < 0.001; Fig. 4D) suggests that the enhancement in
relaxed ATPase activity was due to an increase in the Pi




-activated condition. In this condition and over
the present time scale, the time curve was biphasic
(Fig. 3B). The fast steady state corresponds to the unloaded
shortening phase (Lionne et al. 1996). During this phase,
myofibrils were shortened at maximal velocity in the
unloaded condition. The slow steady state corresponds
to a pseudo-isometric phase (non-physiological phase).
The time corresponding to the transition between these
two phases is the duration of the unloaded shortening
(tB). A significant increase in the slope of the fast
steady state (i.e. myosin ATPase activity) was observed
under clenbuterol treatment in activated SOL myofibrils
compared with controls (P < 0.001; Fig. 4E). In association
with this increase, a shorter duration of the unloaded
phase was noted (P < 0.001; Fig. 4F), suggesting an
increase in unloaded shortening velocity. Interestingly,
the amount of ATP hydrolysed during the unloaded
shortening phase increased under clenbuterol treatment
(Fig. 4G; P < 0.001). Similarly to the relaxed condition, an
increase (P < 0.001) in Pi release rate was also noted in the
Ca2+-activated condition, suggesting that the increased
myofibrillar ATPase was due to an increase in the rate
constant of Pi release. The multilinear regression analysis
revealed that the increases in the Pi release rate constant
and myofibrillar ATPase activity in SOL were mainly
explained (P < 0.001) by the phenotype shift induced
by clenbuterol.
Fast-type muscle. No significant change was seen in myo-
fibrillar ATPase activity (Fig. 5) in myofibrils prepared
from EDL muscle. The rate constant of the fast and
slow steady-state phases (Fig. 5A and B, respectively),
the duration of the unloaded shortening phase (Fig. 5C)
and the amount of ATP consumed during this shortening
(Fig. 5D) were not modified by clenbuterol treatment.
The multilinear regression analysis revealed that the
increase in the Pi release rate constant and myofibrillar
ATPase activity in EDL were not significantly explained by
the phenotype shift induced by clenbuterol.
Ca2+ transients
The action potential-elicited Ca2+ transients in
field-stimulated intact FDB twitch fibres from the
clenbuterol-treated animals showed a progressively
Figure 5. Effect of clenburerol on EDL myofibrilar ATPase activity in Ca2+-activated conditions at 4°C
Reaction mixture concentrations were 3 and 30 µM for myosin heads and [γ -32P]ATP concentrations in Rapid Flow
Quench experiments, respectively. CTL-G21, control group; CB-G9, 9-day clenbuterol-treated group; CB-G14,
14-day clenburerol-treated group; CB-G21, 21-day clenburerol-treated group; k4, rate constant of Pi release (the
isomerization step preceding diffusion of Pi); kF, rate constant of the fast steady-state phase in activated condition;
tB, duration of the unloaded shortening phase, an index of unloaded shortening velocity; ATPtB, ATP consumed
during the unloaded shortening phase. Because no significant difference was detected between CTL-G9, CTL-G14
and CTL-G21 groups, results of the CTL-G21 group are presented. NS, not significant.
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decreased amplitude after 14 days (−19%, P < 0.01) and
21 days (−25%, P < 0.01), but not after 9 days, when
compared with the control groups (Fig. 6).
Discussion
In this study, we showed that chronic clenbuterol
administration induced a strong side effect, in contrast
to the positive functional effect associated with muscle
hypertrophy and absolute maximal tetanic force (Po).
In agreement with the study of Head & Ha (2011)
showing that clenbuterol treatment induces a loss in force
production, we demonstrated that this loss is linked to (i)
a diminution of the contraction and relaxation kinetics
during muscle force generation, especially in fast-type
muscle, and (ii) calcium handling.
Chronic clenbuterol treatment leads to hypertrophy
but reduced specific force in slow twitch muscle
We confirmed previous studies showing that chronic
clenbuterol administration increases both muscle mass
and absolute isometric force, especially in fast-type muscle
(Mounier et al. 2007). In the present study, the 89%
increase in EDL absolute Po in clenbuterol-treated rats
(4 mg kg−1 day−1) is greater than the 31% increase
found by Zeman et al. (1988) for the same duration of
treatment with rats receiving about 1.6 mg kg−1 day−1
or the 20% increase in maximal isometric force in
the study of Ryall et al. (2002) with the commonly
used dose of 2 mg kg−1 day−1. Thus, it seems that a
dose–response effect exists between clenbuterol and the
related increase in maximal tetanic force for treatment
lasting at least 2–4 weeks (Zeman et al. 1988; Ryall et al.
2002). Moreover at the dose of 1.6 mg kg−1 day−1 it seems
that no further increase in type II fibre CSA or Po occurs in
EDL muscle between 2 and 12 weeks of treatment (Zeman
Figure 6. Effect of clenbuterol treatment on FDB Ca2+
transient amplitude
Bar graphs comparing amplitude for single-fibre AP-elicited Ca2+
transients in FDB fibres of control (CTL; n = 7) or clenbuterol-treated
(CB; n = 8) rats after 9, 14 and 21 days of treatment. Amplitude was
calculated from individual exponential fits and averaged. ∗∗P < 0.01.
et al. 1988). Nevertheless, when normalized to CSA, the
maximal tetanic force was unchanged and even depressed
in slow twitch muscle. Moreover, it is well known that high
dose clenbuterol administration, as in our study, causes
inflammation and apoptonecrosis in muscle early on in the
treatment and that these effects seem to be greater in slow
twitch fibres (Burniston et al. 2005; Douillard et al. 2011).
This could be due to higher β2-adrenoreceptor and protein
Gαs subunit density in slow-type as opposed to fast-type
muscles (Martin et al. 1989). The main consequences
of the apoptonecrotic period could be delayed muscle
growth and an increased number of infiltrated cells and
damaged fibres. Thus, these transient deleterious effects
might explain the subsequent decrease in the maximal
tetanic contraction obtained at 9, 14 and 21 days in SOL
and, to a lesser extent, the decrease in the maximal tetanic
contraction obtained at 14 days in EDL.
Clenbuterol treatment did not increase specific
myofibrillar ATPase activity
Our results show that the myofibrillar ATPase activities
and the content of type II twitch fibres increased in
the same proportion in slow twitch muscle during
clenbuterol treatment, indicating that the ATPase activity
associated with each twitch fibre type was not altered.
This suggests that the depressed specific tension was not
due to the contractile machinery itself. Two myofilament
proteins are possibly phosphorylated in response to
β-adrenoceptor activation, i.e. troponin-I, which reduces
the affinity for Ca2+ binding to troponin-C, and myo-
sin binding protein-C (C-protein), which increases the
maximal myosin ATPase rate, although neither protein
seems phosphorylated in mammalian skeletal muscle
under β-adrenergic agonist treatment (Manning & Stull,
1982; Gruen et al. 1999). The amino acid residues that are
phosphorylated by protein kinase A in cardiac troponin-I
or C-protein are absent from the skeletal muscle iso-
forms of these proteins (Shaffer & Gillis, 2010). Another
protein, myosin light-chain kinase, is phosphorylated
under β-agonist treatment in smooth muscle, but again
this does not occur in skeletal muscle (Manning & Stull,
1982). β-Agonists such as clenbuterol seem to have no
notable ergogenic effect on myosin head function in
skeletal muscle, except for the well-known change in twitch
fibre type.
Calcium handling is altered under chronic clenbuterol
treatment
Another explanation is that the loss of force production
induced by clenbuterol reflects different aspects of
problems in calcium handling.
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We found an alteration in the calcium handling ability
in fast-type muscle with a reduction in Ca2+-transient
amplitude that may explain, at least in part, the
reduced kinetics of muscle contraction. Sarcolemma Ca2+
current and sarcoplasmic reticulum Ca2+ handling are
altered differently during acute β2-agonist administration
compared with chronic administration. The earlier
demonstration that acute β2-agonists influence intra-
cellular Ca2+ handling in intact skeletal muscle was
achieved by administering terbutaline to isolated fast
twitch FDB fibres from mice (Cairns & Dulhunty,
1993). These authors found a potentiation of myoplasmic
[Ca2+] response ([Ca2+]i) during tetanic stimulation
(20–100 Hz), especially at high stimulation frequencies.
A series of subsequent studies further highlighted the
acute β2-agonist-induced augmentation in peak twitch or
tetanic [Ca2+]i on skeletal muscles for doses ranging from
1 to 50 µM (Bruton et al. 1996; Ha et al. 1999; Prakash
et al. 1999). Overall, β2-agonists do not change the resting
[Ca2+]i in rodent muscles (Prakash et al. 1999). A recent
study by Rudolf et al. (2006) showed that isoprenaline
(10 µM) facilitated emptying of Ca2+ from the lumen
of the sarcoplasmic reticulum of mouse tibialis anterior
muscle in vivo and that this effect was greater with tetanic
stimulation. This strongly suggests that the increased
amplitude of Ca2+ transients involves greater Ca2+ efflux
from the sarcoplasmic reticulum. However, data on the
effect of chronic β2-agonist treatment on skeletal muscle
calcium homeostasis are sparse (Sirvent et al. 2014). In
this study, high-dose chronic clenbuterol treatment had
a deleterious effect given that Ca2+-transient amplitudes
were decreased. Although we do not understand the
precise mechanisms that would explain why chronic
clenbuterol treatment has the opposite effect on Ca2+
handling compared with that usually reported for acute
treatment, the observations by Burniston et al. (2005)
and Douillard et al. (2011) suggest some directions for
investigation. First, chronic high doses (4 mg kg−1 day−1)
of clenbuterol induce transient apoptosis and necrosis in
fast skeletal muscle. In addition, Lavoie et al. (2002) used
the same dose and observed a decrease of 45 and 40%
in β2-adrenoreceptor density in SOL and gastrocnemius
muscle, respectively.
Chronic clenbuterol treatment alters contraction and
relaxation kinetics
Beyond the specific maximal force, the original results of
our study were related to the changes in muscle contraction
and relaxation kinetics induced by clenbuterol. Indeed,
our data demonstrated altered contraction and relaxation
kinetics during muscle force generation, especially in EDL,
with significant decreases in kACT, Slow kREL and Fast
kREL. Regarding contraction development, kACT depends
on both the cross-bridge isomerization rate constant
(dependent on Pi liberation) and the Ca2+ release velocity
(i.e. Ca2+ transient). In EDL, our results do not provide
evidence for the first mechanism because myosin k4
and ATPase activity did not change under clenbuterol
treatment. However, we showed a reduction in the
muscle Ca2+ transient of FDB muscle that approximates
the EDL muscle fast phenotype (Fig. 6). This could
contribute to the reduced kinetics of muscle contraction
and strongly suggests that clenbuterol acts on some of
the processes involved in excitation–contraction coupling,
thereby modulating force and contractility characteristics,
probably via an alteration in calcium handling. It has been
well documented that muscle contraction efficiency and
resistance to fatigue are altered by clenbutetol treatment
(Chen & Alway, 2001; Polla et al. 2001). Interestingly, based
on the fitting kinetics, we found altered muscle relaxation
after treatment. Slow kREL was dependent on the myo-
sin head detachment rate constant and the velocity of
calcium uptake, confirming the role of calcium handling
ability in the alteration of the relaxation properties of
skeletal muscle. In our study, the mechanism responsible
for the decreased relaxation rate in EDL induced by any
alteration of the myosin head detachment kinetics can
be ruled out because of the lack of significant change in
the ATP binding rate constant. The slowed time course of
skeletal muscle contraction and relaxation that clenbuterol
induced during force generation counterbalanced the
positive effects associated with skeletal muscle hyper-
trophy and may have functional relevance for physical
activities. As the rate constants of both force development
and relaxation control the maximal shortening velocity,
such treatment could be considered as having a negative
impact on the activities of daily living. On the one
hand, slowing muscle relaxation might be associated
with altered agonist–antagonist coordination but, on the
other, a reduced myosin head detachment rate would
be associated with reduced maximal shortening velocity.
Another potentially negative effect for slow twitch muscle
lies in the increased ATP cost of shortening, suggesting
an altered efficiency in mechanochemical transduction,
which would explain, at least in part, the lower resistance
to fatigue observed with high doses (He et al. 2000). These
last negative effects are of particular importance in sports
where performance depends on endurance and muscle
oxidative capacity. However, even with altered contraction
and relaxation kinetics, there remains the increase in
absolute tetanic force that could confer to athletes the
expected ergogenic aid.
In conclusion, our study shows that chronic clenbuterol
treatment decreases skeletal muscle contraction and
relaxation kinetics, especially in fast-type muscle, and
an increase in the ATP cost for contraction was noted,
as well. Because we found a decreased Ca2+-transient
amplitude, it seems that the reduced specific force
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production or the increased fatigue was dependent on
depressed calcium homeostasis induced by clenbuterol.
The beneficial anabolic effects of high-dose β2-agonists for
treatment of sarcopenia, muscle weakness and muscular
dystrophy seem counterbalanced, at least in part, by
deleterious effects on muscle contractility, relaxation
kinetics and Ca2+ handling.
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Modèle R2 Adj.R2 F ratio ddl P 
A2 * 0,71 0,65 12,24 3 < 0,001 
Banister 0,79 0,73 13,16 4 < 0,001 
A2F1 0,76 0,67 8,23 5 < 0,01  
"





Modèle kA tau A1 tau A2 kF tau F 
A2 0,0025 ± 0,0016 0,61 3,68 none none 
Banister 1,556 ± 3,099 none 48,34 1,79 ± 3,27 49,12 
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